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 Mechanical stratigraphy describes the mechanical properties associated with various strata in the 
subsurface and can be used to optimize hydraulic fracture completion designs, aid in targeting and 
placement of lateral wells, and determine wellbore stability. In unconventional plays, such as the Bakken 
Formation, where lateral wells and hydraulic fracturing are key to economic oil production, understanding 
the mechanical stratigraphy is crucial.  This study examines the geologic controls on mechanical 
stratigraphy using quantitative measures of sedimentology, composition and geomechanical properties to 
develop a predictive framework for optimizing hydraulic fracturing.  Additionally, high resolution data 
collected along a horizontal core allows for a comparison of data and quantification of heterogeneity in 
both the lateral and vertical directions, as well as an assessment of the anisotropy. 
 Results indicate that the depositional environment controls the types of physical sedimentary 
processes acting to deposit sediments, the amount and distribution of bioturbation working to disrupting 
the sediments, and diagenesis that alters the sediments after burial.  These processes ultimately determine 
the final composition and fabric of the rock, which are the primary drivers of many material properties.  
Rock fabric describes the distribution and orientation of planes of weakness in a rock due to bedding, 
laminations, pre-existing fractures, depositional interfaces or other sedimentary structures and is directly 
related to fracture complexity.  In more homogenous rocks with few planes of weakness, low fracture 
complexity is observed in core and a hydraulic fracture will likely propagate out in one direction with 
minimal energy loss resulting in low complexity.  In a more heterogeneous rock that has many planes of 
weakness, the energy of a hydraulic fracture is lost at these interfaces, resulting in higher complexity, 
where the fracture branches, change directions, steps over, or comes to a stop.  Finally, statistical analyses 
of the data indicate that overall, there is more vertical heterogeneity than horizontal heterogeneity.  This is 
likely to translate into more fracture complexity in the vertical direction compared to the horizontal 
direction, and therefore hydraulic fractures may be more likely to be contained in the vertical direction. 
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Mechanical stratigraphy describes the mechanical rock properties associated with various 
stratigraphic layers in the subsurface and is “the by-product of depositional composition and structure, 
and chemical and mechanical changes superimposed on rock composition, texture and interfaces after 
deposition” (Laubach et al., 2009).  Understanding the mechanical properties of a rock and how different 
strata fracture is particularly important in unconventionals, including the Bakken petroleum system, 
because hydraulic fracturing is essential to accessing hydrocarbons to make these plays economic. The 
goal of this study is to, for the first time, quantitatively integrate measures of sedimentology, mineralogy, 
and geomechanical properties to: 1) examine the geologic controls on mechanical stratigraphy, 2) 
understand the vertical and lateral variability of the rock mechanical properties, and 3) develop a 
predictive framework to aid in the optimization of hydraulic fracture completion designs. 
 Previous studies have shown that complex rock fabric influences fracture complexity, such as 
inducing fracture arrest and changing the direction of fracture propagation (Suarez-Rivera, 2013).  Rock 
fabric is defined as the distribution and orientation of planes of weakness in a rock due to bedding, 
laminations, pre-existing fractures, depositional interfaces or other sedimentary structures (Warpinski, 
1987; Suarez-Rivera, 2013).   Additionally, rock fabric and composition are considered primary drivers of 
many material properties (Hodenfield, 2012), and are inherently tied to depositional environment. 
 The effects of the vertical heterogeneity of rock mechanical properties on fracturing are well 
documented.  Previous studies have shown the influence of mechanically variable rock layers on temporal 
and spatial fracture arrangements (Smart et al., 2014), as well as fracture propagation geometry and 
connectivity (Miskimins, 2003; Cherian et al., 2014).  Additionally, qualitative relationships have been 
observed between mechanical stratigraphy and carbonate rock fabric (Zahm and Enderlin, 2010; Zahm 




rock classification scheme based on grain size, grain type and packing and related to Leeb’s hardness 
measurements from the Bambino tool. The studies showed that tight grainstones had higher unconfined 
compressive strength values than grainstones with moldic porosity.   
Observations of lateral variability in geologic systems and the resulting geomechanical properties 
have been studied at the reservoir scale or along the length of the lateral wellbore.  While smaller scale 
variability is observed in outcrop and core, quantitative studies documenting subsurface lateral 
heterogeneity at the near-wellbore to meter scale have not previously been done. 
This study builds upon this foundation of knowledge by documenting upward and lateral 
variability in geomechanical characteristics such as fracture abundance, hardness, and brittleness, and 
relates the vertical and lateral variability to geological process such as modes of sedimentation, 








2.1 Regional Geology 
The Williston Basin is an intracratonic basin that spans ~775,000 km
2
 over Saskatchewan, 
Manitoba, Montana, North Dakota and South Dakota (Figure 2.1).  The basin is located on the North 
American craton and its sediments are comprised of six major depositional sequences bounded by 
unconformities (Anna et al., 2010).  The Bakken Formation is just one of the hydrocarbon bearing 
formations in the Williston Basin (Figure 2 2) and was deposited during the third major second-order 
transgression of the Kaskaskia sequence (Anna et al., 2010) along the paleoequator in the Late Devonian 
to Early Mississippian periods (Figure 2.3).  During that time, widespread carbonate deposition prevailed 
in this shallow, epicontinental seaway.   
 
 
Figure 2.1 : Structural map of the Williston Basin contoured on the base of the Mississippian.  The yellow 
highlighted area indicates the areal extent of the Bakken Formation.  The location for this study, Parshall 





Figure 2 2: Stratigraphic column of the Williston Basin showing the units that produce oil (solid black 
circles) and gas (open ticked circles).  The Mississippian-Devonian aged Bakken Formation (highlighted 
in red) is one of the most prolific oil producers in this basin.  It is overlain by the Lodgepole Formation 
and underlain by the Three Forks Formation (modified from LeFever, 1992).   
 
Reactivation of Precambrian faults during the Devonian resulted in the elongation of the 
Williston Basin with a northwest-south east trend (Gerhard et al., 1987; Anna et al., 2001).  Currently, the 
Williston Basin is considered to be tectonically inactive and geomechanically stable (Zhou, et al., 2008; 
Ostadhassan et al., 2012). The maximum principal stress is vertically oriented, approximated from 
overburden, and the current maximum horizontal principal stress falls between N30°E to N70°E in the 






Figure 2.3: Paleogeographic map of Late Devonian – Early Mississippian time (360 Mya) showing the 
Williston basin covered by a shallow epicontinental seaway (modified from Blakey, 2017). 
 
The Bakken Formation has an estimated mean, technically recoverable oil resource of 3.65 BBO 
(Gaswirth et al., 2013).  In 1953 the first Bakken well was drilled in the Antelope field along the Nessen 
Anticline, but it was not until 2006 that Parshall field (Figure 2.1), the location of this study, was drilled 
and deemed a discovery.  In 2014, the Bakken Formation at Parshall field was North Dakota’s top field, 
producing over 22 MMBO that year (North Dakota Industrial Commission, 2014). 
2.2 Study Area 
The cores used in this study come from the EOG Resources Wayzetta 44-0311H and the EOG 
Resources Wayzetta 46-11M wells.  Both wells are located in Mountrail County, North Dakota, 







Figure 2.4: The two cores (red stars on inset map) used in this study are from wells located just south of 
the city of Stanley in Mountrail County, North Dakota.  The well heads are located 2.4 km (1.5 mi) apart.  
The Wayzetta 44-0311H horizontal well was drilled in the northwestern direction, toward the Wayzetta 
44-11M vertical well.  The inset map also shows the location of the cross-section A to A’ of Figure 2.5. 
 
The two well heads are located 2.4 kilometers (1.5 mi) apart.  The Wayzetta 44-031H well is a 
horizontal well and the cored Bakken section was drilled with a dip of approximately 82 degrees, cutting 
gently through stratigraphy and drilled in the direction of the vertical Wayzetta 46-11M well (Figure 2.5).  
The cored section of the horizontal well includes most of the lower shale member, the entire middle 
Bakken member, and only a few centimeters of the upper shale member.   The Wayzetta 46-11M vertical 
well is cored through the entire Bakken Formation. 
N 
  











Figure 2.5: Cross section from A – A’ showing the relative placements of the two Wayzetta wells (see 
Figure 2.4 for geographic location) used in this study. The Wayzetta 44-0311H well is cored (yellow and 
black dashed line) through the lower portion of the upper shale, middle member and most of the lower 
shale and gently cuts through the stratigraphy at an angle of approximately 8 degrees below horizontal.  
The Wayzetta 46-11M well is cored from the Lodgepole down into the top of the Nisku.   
 
2.3 Depositional History 
Bounded by the Lodgepole Formation above and the Three Forks Formation below, the Bakken 
Formation is typically broken into three informal members: an upper shale, a middle dolomitic sandy 
siltstone, and a lower shale.  A fourth, thin and locally perserved sandstone member in the Parshall field  
area is called the Pronghorn member (previously the Sanish member; LeFever et al., 2011) and sits 
between the lower shale and the Three Forks Formation.  The focus of this study is just the two shale 
members and middle Bakken member.  
The most widely used depositional model for the Bakken petroleum system has been described by 
many workers generally as an open marine, tidally influenced, coastal environment with deposition driven 





al., 2013; Grau et al., 2013).  The lower shale member is an organic-rich black mudstone that was 
deposited during a sea-level transgression.  It is often interpreted as having been deposited and preserved 
in an anoxic environment due to high organic matter, pyrite content (Webster, 1984; Smith and Bustin, 
1995; Pitman et al., 2001; Sonnenberg and Pramudito, 2009; Simenson et al., 2010) and a geochemical 
signature that suggests anoxic reducing conditions (Theoy, 2013; Jin, 2014) .  However, additional 
evidence of bioturbation indicates a dysoxic to partially oxic environment occurred intermittently during 
Bakken shale deposition (Schieber 2003, Egenhoff et al., 2013).  The lower shlae is considered a source 
rock for the Bakken petroleum system.   
 A drop in sea level initiated the deposition of the middle Bakken member as mixed limestone, 
dolostone, and sandy siltstones.  At Parshall field, typical middle Bakken facies include ooid, skeletal 
grainstone shoals, and dolomitized lagoonal lime mud and algal mats (Grau et al., 2013).  Egenhoff et al. 
(2013) have identified ten middle Bakken facies and six parasequences within the Parshall field region. 
The lower portion of the middle member has been interpreted as an overall shallowing-upward unit as sea 
level continued to regress (Simenson, 2010; Egenhoff et al., 2013).  Sea-level then began to rise again and 
the upper portion of the middle Bakken has been interpreted as a deepening-upwards unit (Simenson, 
2010; Egenhoff et al., 2013).  The upper middle Bakken has been characterized as the most vertically and 
laterally variable units in the Bakken formation at Parshall field (Grau et al., 2013). 
With a continued sea-level transgression, the upper shale member was deposited on top of the 
middle Bakken.  Like the lower shale member, it is an organic-rich, pyritic, black mudstone deposited in 
an anoxic to dysoxic environment and is also a source for the Bakken petroleum system.  However it is 
generally thinner and typically has slightly higher TOC values than the lower shale member (Webster, 
1984, Smith and Bustin, 1995). 
2.4 Diagenesis 
Dolomitization of the middle Bakken member has resulted in enhanced reservoir quality, 




2013).   At Parshall field, dolomitization is most pervasive in the shoal facies of the upper middle Bakken 
member, where present (Grau et al., 2013).  Where the shoal facies are absent the entire middle member is 
dolomitized.  Dolomitization is thought to have occurred early in the Bakken’s diagenetic history, either 
during deposition or shortly after burial (Pitman et al., 2001; Grau et al., 2013).  Grau et al. (2013) 
suggest either reflux or meteoric dolomitization mechanisms led to the conversion of calcite to dolomite.  
The net volume change associated with this conversion to dolomite created porosity and permeability 









DATA AND METHODS 
 
 This chapter presents the robust set of data collected on the Wayzetta 46-11M and Wayzetta 44-
0311H wells, methodologies for acquisition, and the results.  The bulk of this chapter comprises unit-by-
unit descriptions of the stratigraphy following a review of the methodology used to record detailed core 
descriptions.  Also described are the methodologies for collecting all other data types, as well as 
calculations that use these data to estimate associated petrophysical properties. 
 
3.1 Core Descriptions 
The core description of the vertical well, Wayzetta 46-11M, was recorded at 2.54 cm (1 in) to 
0.30 m (1 ft) resolution with grain size, sedimentary structures, lithology, and identification of fossil 
fragments and traces recorded.  Fabric and fracture and abundance and type were recorded for the vertical 
well.  The fabric of the rock was characterized based on the thickness of the laminations, if present, for 
each 7.6 cm (3 in) section.  Figure 3.1 shows the fabric guide that was used to identify the size of the 
laminations.  In the absence of laminations, the section was considered structureless and the thickness of 
the structureless section was recorded.  Fracture abundance and fracture type, were also recorded for each 
7.6 cm (3 in) section of core.  For fracture abundance, all open and closed fractures that could be seen on 
the surface were counted within a given 7.6 cm (3 in) section.  No distinction was made between natural 
versus induced fractures, as any fractures present should be some indication of the geomechanical 
properties of the rock.  Additionally, the types of fractures seen in each section were indicated as 
horizontal, vertical or cuspate (Figure 3.2). 
For the horizontal core, Wayzetta 44-0311H, the actual documentation of the description posed a 
challenge.  Because horizontal cores are rare, there is no convention for describing them. Additionally, 




stratigraphy.  Figure 3.3 is a schematic diagram showing how the horizontal core description is treated as 
if it were an outcrop with several measured sections.  The geometry of any continuous beds or 
sedimentary structures is sketched in the box for each measured section with any relief relative to 
horizontal recorded on the vertical scale.  As in a standard vertical core description, the horizontal scale 
captures the grain size and sedimentary structures and fossil identification are recorded in this section.  
Additionally, percent bioturbation and any fossils identified are recorded. From the measured sections 
collected across the core, the information contained within them is then vertically stacked, converting 
measured depths to true vertical depths, to create a single vertical stratigraphic column typical of a 
vertical core description (Figure 3.5). The benefit of constructing the core description in this way is to be 
able to capture lateral observations and variability in the rock which is otherwise would not be seen in a 
traditional vertical core description. 
 
3.2 Stratigraphy 
From the information collected in the core descriptions, the classification developed by Simenson 
(2010) was applied to identify the various stratigraphic units in each core.  The general descriptions for 
each unit are given in Table 3.1 (see page 15).  In its conception, Simenson (2010) characterized each of 
these units as facies and tied them to depositional environments. However, this classification 
characterizes the entirety of both the upper and lower shale members as a single facies, F, although there 
is much more variability and multiple facies have been identified in the shales (Egenhoff, 2013).  
Therefore, in this study, the more general term of lithostratigraphic unit is used.  This is defined 
in the North American Stratigraphic Code simply as a body of rock that can be distinguished by lithic 
characteristics and stratigraphic position (North American Commission on Stratigraphic Nomenclature, 













Figure 3.1: The fabric guide (left) was printed out and placed next to the rock being described to aid in 
measuring the size of the laminations, if present.  The spacing of the lines in the guide represents the 
thickness of the laminations.  Sections lacking laminations were characterized as structureless and the 
thickness of the structureless section was recorded.  The photographs on the right show examples of 












Lamination Size (mm) 
1 cm 
Structureless 













Figure 3.2: Examples of different fracture types observed in the Wayzetta cores: (a) cuspate, (b) 












Figure 3.3: The horizontal core description is treated several of stacked measured sections.  (a) The 
Wayzetta 44-0311H well dips at about 8° below horizontal and gently cuts through the Bakken Formation 
(not to scale). (b)  Cartoon of a zoomed in view of a core section portrays bedding planes or continuous 
laminations that might be seen in the core as solid colored lines. The dashed red lines labeled A, B and C 
indicate where each measured section will be drawn from. (c) Photograph showing an example of a real 
three foot section of core in the middle Bakken.  The white dashed line indicates horizontal to the earth’s 
surface show that the bedding and laminations seen in this section are essentially planar. (d) The column 
is constructed to represent the full vertical section that can be seen at each of the locations A, B and C.  
Bedding planes or laminations seen in the core segment are drawn at the proper vertical location at an 
angle representing their dip relative to horizontal. Grain size is indicated by the blue solid line with 





Rather than come up with a revised facies classification scheme, which is not the focus of this 
work, from this point forward, each of the middle Bakken facies A through F as described by Simenson 
(2010) will be referred to as lithostratigraphic units of the same name.  
 
Table 3.1: Depositional facies descriptions for the Bakken Formation, as identified by Simenson (2010). 
Facies General Description 
F Bioturbated, shaly, dolomitic siltstone 
E2 Calcitic, whole fossil, dolomitic-to-lime wackestone 
E1 Finely inter-laminated, bioturbated dolomitic mudstone and dolomitic 
siltstone/sandstone 
D2 Low angle, planar to slightly undulose, cross-laminated sandstone with 
thin discontinuous shale laminations 
D1 Contorted to massive sandstone 
C2 Symmetrical ripple to undulose laminated siltstone/sandstone 
C1 Planar to undulose laminated, shaly siltstone/sandstone 
B Bioturbated, argillaceous, calcareous, siltstone/sandstone 
A Muddy lime wackestone 
G Organic rich pyritic brown/black mudstone 
 
 
Figure 3.4 and Figure 3.5 show the digitized core descriptions for the Wayzetta 46-11M vertical 
and Wayzetta 44-031H horizontal cores, respectively.   Both descriptions show grain size, sedimentary 
structures, fossil fragments and trace fossils identified, and the stratigraphic units identified. The next 
subsections describe in detail each of the units identified.  Figure 3.6 shows the fracture abundance, 





Figure 3.4: Digitized core description for the Wayzetta 46-11M vertical well showing grain size, 





Figure 3.5: Digitized core description for the Wayzetta 44-0311H horizontal well showing grain size, 





Figure 3.6: Digitized fabric, fracture abundance, and fracture type logs displayed in Techlog for the 





3.2.1 Lower Bakken Shale 
Overall, the lower Bakken shale member is an organic-rich, pyritic, brown to black mudstone 
with abundant siliceous silt laminations, asymmetrical ripples (Figure 3.7) and scour and fill deposits.  
Pyrite is present in this member as dispersed fine particles, replacing silt grains in laminations, ripples or 
fill deposits, or as larger (up to about 2 cm diameter), amorphous or nodular concentrations.  
 
Figure 3.7: Photograph of an asymmetrical silt ripple bed in the Wayzetta 46-11M vertical well. 
 
The fabric in the lower Bakken shale ranges from very thin, discontinuous or “pinstripe” 
laminations that are the thickness of a couple silt grains (< 0.5 mm), to 1-2 mm thick lamina.  In the 
Wayzetta 46-11M vertical well, some scale of laminated fabric is observed in most of the lower portion of 
the member, and much of the upper portion contains sections that are completely structureless. The 
pinstripe and other discontinuous or “fuzzy” looking laminations are attributed to bioturbation by 
burrowing organisms on the microscopic scale which have disrupted the laminations and partially 
homogenized these sediments (Figure 3.8a).  A single possible burrow cast was observed running parallel 
to bedding (Figure 3.8). 
 
Figure 3.8: Photographs from the Wayzetta 46-11M well showing evidence for bioturbation in the lower 
Bakken shale.  (a) Silt laminations are discontinuous and “fuzzy” in appearance, rather than sharp parallel 
lines.  (b) This straight, cylindrical piece of the rock is a possible burrow cast. It was pulled out of the 









Sand injectites are observed in the Wayzetta 44-0311H well only.  They have well defined 
borders and appear to have been injected upwards from a lower level, as indicated by the bending of 
laminations up, towards the earth’s surface, as they approach the injectites.  A number of other cores from 
Parshall field and the surrounding region contain similar clastic dikes and have been interpreted as 
injectites (Clark and Maldonado, 2011), rather than Neptunian dikes which are formed by passive fill of 
fissures.   The injectites in this core are highly fractured, with numerous filled fractures contained within 
the injected sand itself, and open fractures within the nearby shale host rock (Figure 3.9).  Three of the 
four injectites have been partially pyritized and the upper most injectite in the section has been compacted 
resulting in a sinuous shape (Figure 3.9d). 
3.2.2 Middle Bakken Unit A 
The lower most unit of the middle Bakken, unit A, is a fining upwards bioclastic pack-to-
wackestone containing fragments of crinoids, brachiopods, gastropods and trilobites (Figure 3.10).  It is 
partially pyritized with some blue-green mineralization which is likely to be glauconite.  This unit is thin 
in both wells and has a sharp contact with the lower shale member and a gradational contact with the 
overlying unit.  In the Wayzetta 44-0311H horizontal well, the contact is moderately bioturbated by 
Planolites burrows (Figure 3.10a). 
3.2.3 Middle Bakken Unit B 
As the thickest unit of the middle Bakken member, unit B is characterized by a homogenous, 
massively bioturbated light tan to gray, very fine sand to siltstone.  Due to extensive bioturbation 
throughout, the fabric is structureless.  The lower portion of this unit contains abundant brachiopod and 











Figure 3.9: Photographs from the Wayzetta 44-0311H showing the four injectites observed in the lower 
Bakken shale member.  Three of them have been partially pyritized (b,c,d) and all contain filled fractures 













Figure 3.10: Photographs from the Wayzetta 44-0311H core showing the bioturbated contact between the 
lower Bakken shale and middle Bakken member with Planolites burrows indicated by the arrows (a), and 
a zoomed in view of middle Bakken Facies A, just above the contact, showing various pyritized fossil 
fragments with glauconite (blue-green) including crinoids, brachiopods and gastropods and trilobites (b). 
 
Pyrite is also found dispersed in small particles within the matrix, as well as in amorphous 
concentrations.  In the upper portion of this unit, the number of identifiable Phycosiphon burrows 
increases, fossil fragments are rare and patchy calcite cementation is pervasive (Figure 3.11b).  Dark spots 
with fuzzy, sub-rounded to irregular boundaries (Figure 3.12) are also observed in this unit. There is no 








possible that they are rip ups of algal mats, hence an irregular and not well defined grain border (J. 
Humphrey, personal communication, March 2015). 
 
Figure 3.11: Photographs from the Wayzetta 46-11M well showing several identifying characteristics of 
Facies B of the middle Bakken member including abundant clay-rich Physcosiphon burrows (a), calcite-
rich patchy cement (light in color, outlined in dashed line). 
 
3.2.4 Middle Bakken Unit C 
 Unit C is split into facies C1 and C2 in Simenson’s (2010) classification.  It is too thin in the 
vertical well to be used for characterization, but in the horizontal Wayzetta 44-0311H well and is 
characterized by rocks from both of Simenson’s facies.  It is dominated by planar to undulose laminations 
of medium gray and light gray siltstone to very fine sandstone.  Asymmetrical ripples become more 
common upsection and finer grained material is observed at the top of the unit.   The dark spots seen in 
unit B are present here as well, but are much more densely concentrated than in the underlying unit 
(Figure 3.12a).  No fossils were observed in hand samples of this unit but some fragments of bioclasts are 
identified in thin section (Figure 3.13).  Bioturbation overall is low and confined to single beds in the 










Figure 3.12: Photographs showing densely concentrated dark spots (a) and parallel to wavy laminations 
with low levels of bioturbation restricted to single beds (b) in unit C of the Wayzetta 44-0311H horizontal 
well. 
 
Figure 3.13: Thin section image from the lower portion of unit C in the Wayzetta 44-0311H well.  The 
sample has been stained red for calcite which highlights dominantly siliciclastic quartz grains and fewer 
bioclastic fragments.  Pyrite (black) is also present as dispersed framboids and as well as framboid 
clusters.  
 
3.2.5 Middle Bakken Unit D 
Overall, unit D consists of interbedded to laminated light yellow brown to gray, very fine-grained 
sandstone to siltstone, with medium to dark blue gray or brown mudstones.  As a result of soft sediment 








deformation in this facies ranges from moderate to extensive, bioturbation is low to moderate, as 
laminations are generally well defined and preserved.  Where present, the laminations are between 0.5 
and 2 mm.  Thin-section images reveal abundant dolomite and calcite with lesser amounts of silicilastic 
material and visible pore space (Figure 3.15). 
 
Figure 3.14: Photographs showing microfaulting (a) in the Wayzetta 46-11M well and folding (b) in the 
Wayzetta 44-0311H well. 
 
 
Figure 3.15: Thin section image from the Wayzetta 44-0311H well showing abundant dolomite (D), 
calcite (red), some quartz (Q) and minor dispersed pyrite (black).  Porosity is shown as blue 
 
3.2.6 Middle Bakken Unit E1 
 Unit E is composed of medium to light gray siltstones thinly interbedded with dark gray 














laminations (Figure 3.16).  Pyrite is common in the mudstone beds.  Figure 3.17 shows a set of 
asymmetrical ripple beds indicating currents moving in opposite directions and overlying draping 
laminations. Additionally, several brachiopod fragments of various sizes are observed in random 
orientations within a fine-grained matrix. The fabric varies from structureless to laminated.  Where 
present, laminations range from 0.25 to 2.0 mm in thickness. Some dispersed Planolites burrows are 
identified in laminated sections (Figure 3.18), along with other unidentified burrows.  Overall, 
bioturbation is low to moderate and often confined to single beds where it is more moderate.  There is 
minor soft sediment deformation resulting in some contorted beds and microfaulting. 
 
Figure 3.16: Photograph from the Wayzetta 46-11M well showing laminated to finely interbedded 







Figure 3.17: Photograph of cross lamination in opposing directions (white and yellow arrows) with 
reworked tops and draping laminations in the E1 unit of the Wayzetta 46-11M well. 
 
Figure 3.18: Photograph showing Planolites burrows in the E1 unit of the Wayzetta 44-0311M well. 
 
3.2.7 Middle Bakken Unit E2  
Unit E2 is only seen in the Wayzetta 46-11M well and is characterized by fining upwards 
brachiopod and crinoid wackestones with sharp erosional bases (Figure 3.19).   These sequences are on 
the order of several centimeters thick.  Minor soft sediment deformation is present.  The fabric ranges 
from structureless towards the bottom of the sequence to 0.5 – 1 mm laminations towards the tops. 
 
3.2.8 Middle Bakken Unit F 
 The uppermost unit of the middle Bakken member is a bioturbated light tan gray siltstone with 
randomly oriented brachiopods at the base, fining upward into a medium gray silty mudstone until the 
contact with the upper Bakken shale (Figure 3.20).  The fabric of this unit is structureless throughout and 







Figure 3.19: Photograph of the E2 unit from the Wayzetta 46-11M well showing a fining upwards 
bioclastic wackestone with a sharp erosional base.  A micro-fault has distorted faint laminations in the 
upper half of the image. 
 
3.2.9 Upper Bakken Shale 
The Upper Bakken shale member is a dark-brown to black, organic-rich, pyritic mudstone with 
abundant discontinuous silt laminations and asymmetrical ripples.   The lower half of the member 
contains more silt-rich laminations and ripples than the upper half which has several sections that are 
structureless.  The scale of the laminations in the lower portion of this member range from discontinuous 
pinstripes less than 0.25 mm thick to 1mm in thickness. In the upper portion, only small scale (<0.5 mm) 
laminations and fewer ripples are observed.  Scour marks and lag fills present are almost always pyritized, 
but are not as common as in the lower shale.  Other features observed are graded laminations (Figure 
3.21), thin (2-3 mm) beds with matrix supported, randomly oriented grains (Figure 3.22a), and filled 





(Figure 3.22b).  Organic macerals and dense amorphous pyrite concentrations are present but not as 
common as in the lower member.  There are also no injectites observed in the upper shale. 
  
Figure 3.20: Photograph showing the uppermost portion of facies F below the contact with the upper 
Bakken shale and showing no preserved sedimentary structures in this unit. 
 
 







Figure 3.22: Photographs showing a thin (~3mm thick) matrix supported bed with poorly sorted, 
randomly oriented grains (a) and abundant, mostly discontinuous and pyritized silt laminations in the 
upper Bakken shale member, as well as a filled vertical fracture which has been compacted (b). 
 
3.3 Hardness 
 The Proceq Equotip Bambino instrument is a digital micro-rebound hammer operating on the 
same principle as its well-known predecessor, the Schmidt Hammer (Schmidt, 1954).  In contrast to the 
Schmidt Hammer, the Bambino is a non-destructive method for measuring the hardness of a material 
based on the Leeb rebound method invented by Proceq SA (Proceq SA, 2016).  In the Bambino 
instrument, the hardness is calculated by comparing the velocities of the hard metal impact body before 
and after striking the sample material using Equation 2.1: 
  ��� =  1000 ∗ ������ (3.1) 
where HLD is Leeb hardness, vr is rebound velocity, and vi is initial velocity.  The initial and rebound 
velocities are measured as the impact body, which contains a permanent magnet, is launched by a spring, 
passing through a coil to induce a voltage signal (Figure 3.23).  This voltage signal is proportional to the 








rebound velocity will be faster in a hard material and slower in a soft material.  According to the 
manufacturer, hardness values between the range of 150 and 950 can be measured with the Bambino 
instrument (Proceq SA, 2016). 
One of the main concerns when collecting data from this instrument is unwanted energy 
absorption due to sample vibration.  In low mass samples especially, the impact body striking the test 
surface can cause the sample to go into vibration and distort the measurement result. Core slabs measured 
while sitting in a standard core box are especially prone to unwanted sample vibrations as the slab is free 
to rock side-to-side within the box and are often broken into small, light fragments. 
To minimize the number of vibrations during measurement, the manufacturer’s operating manual 
recommends a minimum sample weight of 2 kg and thickness of 25 mm for samples measured on a solid 
worktop.  For samples lighter than 2 kg and greater than 0.1 kg, it is recommend to “couple”, or securely 
attach, the sample to a larger mass to help minimize vibrations. 
 
 
Figure 3.23: Schematic diagram showing the how the Bambino instrument operates.  The gray block 
indicates the sample to be measured.  Inside the instrument, a spring launches an impact body through a 
coil to induce a voltage signal.  The voltage is proportional to the velocity of the impact body, which is 
measured initially (vi) and on the rebound (vr). 
           










As coupling the core pieces to a larger mass was not an option, an alternative solution to 
minimize vibrations was devised for this study.  Several experimental measurements determined that a 
core slab sample positioned securely within a bucket of sand would minimize energy absorption due to 
vibrations, resulting in more precise Leeb’s hardness measurements.  The results of the experiments show 
a lower range of values and lower standard deviation of 10 measurements on samples measured while 
secured in the box of sand versus in the Styrofoam cradle in the core box.  Thus, all hardness 
measurements collected in this study were done on core samples placed in a box of sand.  Appendix A 
contains all data from the above experiments. 
For the vertical well, Wayzetta 46-11M, ten hardness measurements were collected and averaged 
every three inches.  This sampling resolution was chosen so that there is one data point for fabric, 
fractures and hardness every 7.6 cm (3 in).  The Bakken Formation in this core spans approximately 26 
vertical meters, resulting in over 3200 individual measurements taken at 330 depths. Figure 3.24 shows 
the average hardness measurement versus depth. 
Hardness measurements on the horizontal Wayzetta 44-0311H well were collected every 0.9 
meters (3 ft) of measured depth, where possible, along a lateral transect of the core.   For each depth, 
measurements were collected approximately 7.6 cm (three inches) apart, following a bed if possible, for 
no less than 30.5 cm (one foot) and up to 83.8cm (33 inches).  Figure 3.25 illustrates how each 
measurement location was determined.  Because of its length (~110 m) and for the sake of time, only 
three individual measurements were used to calculate an average hardness at each measurement point.  
Much of this core has been preserved and therefore was not available for measurements and therefore, 











Figure 3.24:  Hardness data plotted by depth for the Wayzetta 46-11M vertical well. Each data point 
represents the average hardness value for ten individual measurements collected at each depth. Member 






Figure 3.25: Schematic diagram showing how measurement locations were determined.  Along a lateral 
transect, all measurements were spaced 7.6 cm (three inches) apart.  The length of the transect was 
determined by the presence (a) or absence (b) of a bed.  In the presence of a bed, the measurements were 
taken along the bed as far as it could be traced in that particular core section.  In the absence of a bed, as 
in a bioturbated unit, four measurements were collected, centered at the middle of a certain measured 
depth, as close to every .9 m (three feet) as possible.   
 
Figure 3.26 plots the average HLD value for each true vertical depth as a red ‘X’, and the range 




 High resolution elemental concentrations were collected on both the vertical Wayzetta 46-11M 
core and the horizontal Wayzetta 44-0311H core.  A subset of samples covering each stratigraphic unit 
was sampled for quantitative mineralogy from the Wayzetta 46-11M well.  This subset containing both 
elemental and mineralogy data are then used to develop a mineral model to apply to the data points with 
just XRF data.  The methods used to collect these datasets and construct the mineral model are described 








Figure 3.26: Hardness data plotted by depth for the Wayzetta 44-031H horizontal well. The average 
hardness for each depth is indicated by a red ‘X’ and the range of values across the lateral transect is 




3.4.1 X-Ray Fluorescence Elemental Analysis 
Elemental concentrations were collected using a ThermoScientific Niton XL3t GOLDD+ 
handheld energy-dispersive X-ray fluorescence (XRF) analyzer following the procedure established by 
Nakamura (2015).  This procedure calls for a three minute analysis time on the Test All Geo spectral 
deconvolution mode to measure both major and trace elements.  On the vertical Wayzetta 46-11M well, 
data were collected every 15.2 cm (six inches), on the exact same spot where the hardness measurements 
had been collected on that section of core. On the horizontal well Wayzetta 44-0311H, XRF 
measurements were again, collected at every location the hardness measurements were collected.  While 
43 elements are measured with the Niton instrument, only Si, Al, K, Ca, Fe, S, Mn, Ba, Th, V, Ti, Mo, Zr, 
Rb, Sr, Nb, and Zn are considered as valid semi-quantitative measurements and Mg, U, As, Ni, Cu, Pb, 
and Cr are considered as partially valid semi-quantitative measurements based on Nakamura’s (2015) 
analysis.  Because the elemental concentrations from this instrument are considered to be only semi-
quantitative, the data collected in this study are used to identify trends rather than draw conclusions about 
the exact values measured.  The raw XRF elemental concentrations measured on the vertical and 
horizontal well are plotted in Figure 3.27 and Figure 3.28 respectively. 
 
3.4.2 X-Ray Diffraction Mineralogy 
Seventeen samples were collected from the butt section of the Wayzetta 46-11M core housed at 
the Wilson M. Laird Core and Sample Library in North Dakota.  Approximately 30-50g of each sample 
was cut from the back side of the butt section at the desired depths.  Samples were chosen by looking at 






Figure 3.27: Raw XRF data collected on the Wayzetta 46-11M vertical well.  The boundaries between the members are indicated by the black 





Figure 3.28: Raw XRF data collected on the Wayzetta 44-0311H horizontal well.  The average value for each depth is indicated by a red ‘X’ and 
the range of values across the lateral transect is shown by a black bar with round end points. The boundaries between the members are indicated by 





The subset of samples were sent to The Mineral Lab, Inc., located in Golden, Colorado, for X-
Ray Diffraction (XRD) bulk mineralogy analysis.  This lab uses a Siemens “D5000matic” system and for 
bulk XRD analysis and they report “semi-quantitative estimates of the concentrations of all crystalline 
phases identified” (The Mineral Lab, Inc., 2017) with detection limits ranging from less than 1% to about 
5%, depending on the composition of the sample.  For quality control, the lab also does XRF analysis on 
a homogenous split of each sample.  These values are not reported to the customer but are used to check 
that the phases measured by XRD are likely to be present based on the measured elemental composition 
of the sample. 
 
Table 3.2: Measured XRD mineralogy data for samples from the Wayzetta 46-11M well. 
 
 
3.4.3 Mineral Model 
A mineral model was constructed in order to obtain a high resolution mineralogy “log” from the 
XRF elemental data.  To do this, a multivariate linear regression was run to estimate the abundance of 
quartz + feldspar, carbonate, clay, and pyrite from the XRF elemental concentrations using the XRD 
values as the “true” mineralogy.  Because the elemental concentrations from the handheld XRF 
9348.8 35 4 4 33 2 9 9 4 0 43 18 35 4
9361.3 67 2 2 18 2 4 0 5 0 71 4 20 5
9362.3 39 6 5 17 2 30 0 2 0 50 30 19 2
9365.3 13 4 3 4 0 15 60 1 0 20 75 4 1
9366.8 24 4 5 22 2 24 17 1 0 33 41 24 1
9369.8 23 4 4 47 4 18 0 1 0 31 18 50 1
9371.8 26 5 5 12 3 32 15 1 0 36 47 15 1
9374.3 32 8 7 18 2 30 2 1 0 47 32 20 1
9377.3 30 10 6 6 2 16 30 0 0 46 46 8 0
9386.3 31 10 7 10 2 23 17 0 0 48 40 12 0
9393.3 27 9 7 11 3 18 25 0 0 43 43 14 0
9401.8 27 5 5 19 2 5 36 1 0 37 41 21 1
9403.3 39 6 4 34 4 4 0 7 1 49 4 38 8
9413.3 39 6 5 33 4 4 2 5 2 50 6 37 7
9420.3 56 6 4 20 4 3 2 3 1 66 5 24 4
9424.8 57 5 0 28 2 0 2 5 1 62 2 30 6


















instrument are semi-quantitative, and the reported XRD mineralogy values have an error of up to 5%, the 
following mineral groups are solved for instead of individual minerals: quartz + feldspar (K-feldspar + 
plagioclase), total carbonate (calcite + dolomite), total clay (mica/illite +chlorite) and pyrite (pyrite + 
marcasite).  Feldspar is grouped with quartz because it is a minor component of the total rock and 
composed mostly of silicon, like quartz.  Calcite and dolomite are not separated because the Mg 
measurement has a greater error than the other elements, and because there is Mg in illite as well as 
dolomite. Therefore, solving for dolomite individually from calcite introduces much larger errors into the 
mineral model.  Total clay includes illite, chlorite and mica.  Compositionally, illite and mica are very 
similar, are reported together in the XRD data, and therefore cannot be reported separately in the mineral 
model.  Marcasite has the same chemical formula as pyrite (FeS2) and therefore grouped since the two 
minerals are indistinguishable from each other in terms of their elemental composition. 
The multivariable linear regression solves a number of simultaneous linear equations by doing a 
matrix division to solve for, x, in the equation [�][�] = [�]. Where [A] is a matrix containing m XRF 
elemental concentrations for n samples, [B] is a matrix containing l mineral concentrations from XRD for 
n samples, and [x] is an l by m matrix of coefficients.  This matrix division is easily computed in 
MATLAB.  After solving for [x] using the subset of samples that have both XRF and XRD data, this 
matrix of coefficients can be multiplied by a matrix containing all the XRF data to solve for mineralogy 
along the length of the entire wellbore. 
 The results of the regression on the subset of samples measured for XRD mineralogy are shown in 
Figure 3.29.  While there is some scatter in the data, given the errors associated with both the XRF and 
XRD measurements, there is overall good agreement between the measured and computed mineralogy for 
samples from both the shale (black dots) and middle Bakken members (blue dots).  The average absolute 
difference (aad) between the computed and measured values is noted for each mineral group. Carbonate 
has the largest average absolute difference (aad) but the data falls on both sides of the one-to-one line so 






Figure 3.29: Cross-plots showing the measured concentrations versus the concentrations computed by the 
mineral model for 17 samples from the EOG Wayzetta 46-11M vertical well.  The average absolute 
difference between the measured and computed concentrations is calculated for each mineral group.  
Overall, there is good agreement between the measured and mineral model computed values. 
 
Figure 3.30 shows the output of the mineral model using all of XRF elemental concentrations 
collected along the length of the vertical core to estimate the mineralogy.  While the model is not perfect, 
overall, it does a reasonably good job estimating the mineralogy, and shows the expected trends with 
stratigraphy.  The mineral model was also applied to the horizontal well XRF data using the average 
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Figure 3.31: Resulting mineralogy plotted with depth after applying the mineral model to the average 





All publically available log data was acquired from the North Dakota Industrial Commission 
(NDIC), Department of Mineral Resources, Oil and Gas Division website: 
https://www.dmr.nd.gov/oilgas/.  Logs available for the vertical Wayzetta 46-11M well include gamma 
ray, resistivity, bulk density, neutron and dipole sonic (compressional and shear sonic).  Additionally, 
core measurements including porosity, water saturation and grain density were also downloaded from the 
NDIC website to be used for log calibration.  
 
3.5.1 Basic Petrophysical Analysis 
LAS files containing the log data, and text files containing core data were downloaded from the 
NDIC website and loaded into Techlog.  The logs were depth shifted to match the core data. Zones 
corresponding to each member and the middle Bakken units were constructed.  For the middle Bakken 
member only, porosity was calculated from the density logs using Equation 3.3: 
 �� = ���−�����−���  (3.3) 
where �� is density porosity (v/v), ��� is grain density (g/cm3), �� is bulk density (g/cm3), and ���  is 
fluid density (g/cm
3
).  Measured grain density on core is available for this well and the data points were 
interpolated to create a continuous grain density log for the middle Bakken member to be used as the ��� 
input into Equation 4.1. The density log was used for bulk density, ��, and fluid density, ���, of 1.2 g/cm3 
was calculated based on a formation water salinity of 300 ppk  (D. Pyles, personal communication, March 
2015) at a measured formation temperature of 187.5°F. 
In the upper and lower shale members, the amount kerogen can range anywhere from 10 to 20 
weight percent of the shale, which corresponds to approximately 20 to 40 volume percent, based on a 
kerogen density of 1.25 g/cm3 (Simpson et al., 2015).  Therefore, it is important to correct the porosity 




bulk density of kerogen, relative to the minerals, results in the porosity being over estimated in the shales 
(Sondergeld et al., 2010; Simpson et al., 2015). 
To calculate the correct total porosity in the shales, log derived TOC values were first calculated 
using Schmoker’s empirically derived equation (Schmoker and Hester, 1983): 
 ��� = �154.497�� � − 57.261 (3.4) 
where is TOC is total organic carbon (wt %), and �� is bulk density (g/cm3).  Unfortunately no TOC data 
is publically available for calibration, but the Schmoker’s equation is expected to be a reliable estimate of 
TOC since this relationship was refined using data from the Bakken Formation (Schmoker and Hester, 
1983).  The resulting log is plotted in track 2 of Figure 3.32.  TOC in weight percent is divided by 100 to 
get a weight fraction of TOC (����).  Finally, porosity, taking into account the kerogen in the shale 
members, was calculated using equation 3.5 by Sondergeld et al. (2010): 
 ��_���� = ���−��������������−����+1����−���+��������1− �������� (3.5) 
where ��_���� is density porosity corrected for organic matter (v/v), ��� is matrix density (g/cm3), �� is 
bulk density (g/cm
3
), ���  is fluid density (g/cm3), ���� is TOC density, and ���� is weight fraction TOC 
(w/w). 
Figure 3.32 shows the inputs and resulting porosity curves.  In track 3 of Figure 3.32 the two 
density porosity logs are plotted on the same track which highlights the significant overestimation of the 
porosity in the shale members using the conventional density porosity technique.   These two porosity 
logs were then spliced together to create one continuous porosity log using the corrected density porosity 
in the shales and the conventional density porosity in the middle Bakken member.  Track 4 plots this 
merged density porosity log as well as porosity from NMR.  The two porosity methods agree in the 
middle Bakken and in the shales the density porosity is slightly higher.  The final porosity values used are 
an average of the merged density porosity/organic corrected density porosity and the NMR porosity.  This 




5 of Figure 3.32.  Core porosity was not measured in the shale members of the Wayzetta 46-11M well, 
but were measured in another well in Parshall field, the EOG Resources Fertile 1-12H well, located about 
21.9 km  (13.6 mi) to the south . Core porosity values from shale samples in the Fertile 1-12H well show 
values between 6 and 8%, consistent with the range of values calculated for the shales in the Wayzetta 46-
11M well. 
 
Figure 3.32: The bulk density log along with core measured grain density (Track 1) is used to compute 
density porosity (Track 3) and TOC from Schmoker’s method (Track 2) is used to correct the density 
porosity in the shale members.  Porosity from NMR (Track 4) is averaged with the density porosity to 
arrive at the final porosity log that shows a good match with core measured porosity (Track 5). 
 
 Next, water saturation was calculated for the whole Bakken formation using the modified 
Simandoux equation (Equation 3.6).  This equation takes into account clay minerals which contribute to 




 �� = (0.4∙��)��2 ∙ �����ℎ��ℎ�2 + 5∙��2��∙�� − ��ℎ��ℎ�  (3.6) 
where �� is water saturation (v/v), �� is formation water resistivity (Ωm), ��ℎ is shale volume (v/v), ��ℎ is shale resistivity (Ωm), �� is effective porosity (v/v) and �� is true resistivity (Ωm). 
 
Figure 3.33 shows the log inputs to the modified Simandoux equation and resulting water 
saturation log with core measured saturation data overlain.  Log measured Rw values were available and 
deep resistivity log values were used for Rt.  The Vsh curve was estimated using gamma ray calibrated to 
the clay content estimated from the mineral model, and  �� is the computed free fluid volume curve from 
NMR which had been already calculated and was one of the curves downloaded from the North Dakota 
website.  The only unknown input is Rsh.  This value was adjusted until the log water saturations matched 
the core measured values.  Core water saturations were only measured in the middle Bakken member in 
the Wayzetta 46-11M well. Core measured water saturations taken in the shale members of other nearby 
wells in Parshall field are in the range of approximately 10-25%.  
 
3.5.2 Geomechanical Rock Properties 
Two of the most important and widely used parameters used to characterize a rock’s mechanical 
behavior are Poisson’s Ratio (PR) and Young’s Modulus (YM).  PR defines the behavior of a material in 
the direction perpendicular to strain.  The YM of a material defines its behavior in the direction parallel to 
strain.  The dynamic values of PR  and YM are calculated directly from the shear and compressional 
sonic and bulk density logs using the Equations 3.7 and 3.8:  
 ν������� =  1 2� �∆��2−2∆��2∆��2−∆��2 � (3.7) 







Figure 3.33: Inputs to the modified Simandoux water saturation model include formation water resistivity 
(Rw) and true formation resistivity (Rt) (track 1), shale volume (Vsh) is determined from gamma ray (track 
2) and effective porosity (φe) from NMR (track 3).  Overall, the calculated water saturation matches 




where ∆�� is compressional wave slowness (µs/ft), ∆�� is shear wave slowness (µs/ft), ν�������  is 
dynamic PR (unitless), and E������� is dynamic YM (Mpsi).  It is then important to convert the dynamic 
elastic moduli to static moduli, as rocks tend to break according to their static behavior.  Equation 3.9 
shows the conversion of E������� to E������ which is a modified log-linear relationship based on the 
work of Eissa and Kazi (1998 in Barree et al., 2009).  In this equation E������� , which is in units of 




 log(E������) = log(�� ∗ E�������) − 0.55 (3.9) 
where E������ is static Young’s Modulus (GPa).  Some workers have found there is no dynamic to static 
conversion needed for Poisson’s Ratio (Barree et al., 2009; Ostadhassan et al., 2012).  In this study 
however, reduction of 10% of ν�������  is used to convert to ν������  (J. Miskimins, personal 
communication, March 11, 2017). 
Since no core geomechanical data is available, unconfined compressive strength (UCS) is 
estimated from E�������.  Different empirical equations are used for either the shales (Equation 3.10) or 
the middle Bakken (Equation 3.11) due to their lithology differences (Chang et al., 2011; Ostadhassan et 
al., 2012). 
 ��� = 7.22 ∗ E�������0.712 (3.10) 
 ��� = 13.8 ∗ E�������0.51 (3.11) 
where ��� is unconfined compressive strength (MPa). 
The final geomechanical property calculated for the vertical well is brittleness.  Brittleness is 
often used to indicate the fracability of a rock, describing a rock’s failure mechanism, and also as a 
lithology indicator.  However, there is no single industry wide definition for brittleness and there are 
many methods used to compute it (Hucka and Das, 1974; Herwanger, 2012; Bai, 2016).  Generally, 
brittleness equations fall into two categories – elastic property-based, and mineral-based.  These 
categories describe the input variables used to calculate brittleness.  In both cases, a brittleness index is 
calculated, resulting in values ranging from 0 to 1.  In this study, a mineral-based brittleness index was 
calculated because of the availability of high resolution mineralogy data from the mineral model 
compared to the much lower resolution YM and PR data from logs.  Some mineral-based brittleness 
calculations only take into account a portion of the minerals present in a formation (Jarvie, 2007; Wang 
and Gale, 2009), but studies on brittleness of the Bakken formation have shown that it is important to take 




 ��������� =  ���+���+���+����+������+���+���+����+���+����+��� (3.12) 
where mineral abundances and TOC are in decimal fractions and the mineralogy and TOC have been 
normalized to sum to one.  The resulting brittleness curve along with the other calculated geomechanical 
properties are shown in Figure 3.34. 
 
Figure 3.34: Bulk density and compressional and shear sonic logs are used to calculate Young’s Modulus, 





































OBSERVATIONS AND INTEGRATION 
 
This chapter focuses on a unit-by- unit integration of observations made on measured parameters 
of core and log data.  Figure 4.1 shows an overview of the trends with depth within Bakken Formation 
throughout all data types in the Wayzetta 46-11M vertical well.  In this figure, moving standard deviation 
curves, using a 0.3048 m (1 ft) vertical window, are displayed for most of the calculated and measured 
data in red to highlight the heterogeneity of the data throughout the entire formation.  A generally flat 
standard deviation curve with low values indicates data that is vertically consistent while a curve with 
spikes and higher values indicates vertical variability in the data. 
The following sections summarize the characteristics and the measured and calculated properties 
of each unit by integrating and comparing all the data shown in Figure 4.1 for the Wayzetta 46-11M 
vertical well, as well as data and observations from the Wayzetta 44-0311H well where available.  Where 
sufficient data is available, statistical tools were used to facilitate the integration, including histogram 
plots, and calculation of means, standard deviations and correlation coefficients, all computed in 
MATLAB.  All available histograms, means and standard deviation values are presented in the following 
sections and full correlation matrices are contained in Appendix B.   
4.1 Lower Shale Member 
 Of the properties directly related to the geomechanical character of the rock, hardness and 
brittleness show a good positive correlation (r = 0.82).  Overall, there is a narrow range of Poisson’s Ratio 
and Young’s Modulus values, but a wide distribution of hardness and fracture abundance, and a moderate 
distribution of brittleness (Figure 4.2).  Young’s Modulus moderately correlates with TOC (r = -0.62) and 
Poisson’s Ratio (r = 0.61).  The fabric has a bimodal distribution due to alternating sections of thin, 





Figure 4.1: Log data, log calculated parameters, and core data for the Wayzetta 46-11M vertical well.  Tracks from left to right are, depth (m), 
depth (ft), lithostratigraphic units, gamma ray, resistivity, sonic, neutron and bulk density, TOC, total porosity, water saturation, Young’s Modulus 
and Poisson’s Ratio, normalized mineralogy and TOC, brittleness, grain size, fabric, fracture abundance, and hardness.  For the calculated 
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The standard deviation curves indicate high vertical heterogeneity reflecting a constant 
fluctuation of the properties (Figure 4.1).  The lower shale has the highest fracture density, averaging 8 
fractures per each 7.6 cm (3in) section. 
 
Figure 4.2: Average mineralogy and TOC content, core image and histograms showing the data 





4.2 Middle Bakken – Unit A 
 The lower most unit of the middle Bakken, unit A, is the most carbonate-rich unit of the middle 
Bakken (Figure 4 0.3). In core, partial pyritization is evident, even though the mineralogy computed from 
the mineral model does not reflect that.  Because this unit is thin (~15 cm), data collected here is sparse 
and correlations could not be calculated.  Additionally, only one XRF measurement was taken in this unit 
and therefore the mineralogy chart and brittleness data reflect only one data point and may not be entirely 
representative of the whole unit. The fabric is structureless, and because there is a gradual transition from 
this unit up into unit B, both units combined are considered one 7.8 m thick structureless section.  The 
hardness, water saturation, porosity and fracture abundance are quite variable within this thin unit, which 
is reflected in the spikes in standard deviation curves of these data (Figure 4.1). 
 
4.3 Middle Bakken – Unit B 
 This unit visually is very consistent and homogeneous throughout (Figure 4.4), and this is 
reflected in the narrow distribution of most of the data, as well as the relatively flat standard deviation 
curves in this well (Figure 4.1).  There are few fractures observed in this unit.  Because some of the 
parameters, such as grain size and fabric, are constant in this unit, the calculated correlation coefficients 
for these variables have no relationship. The other variables show generally weaker correlations than in 
other units (r < 0.6 or > -0.6). 
 
4.4 Middle Bakken – Unit C 
 No data from unit C was collected in the vertical well because the unit was too thin, and therefore 
no correlation matrix could be computed.  Unit C is present through several meters of core in the 
horizontal well and the average mineralogy, representative core images and a histogram of the hardness 




well for inclusion in the composition pie chart. Additionally, fracture abundance was not quantified in the 
horizontal well but overall there are few fractures in this unit. 
 
Figure 4 0.3: Average mineralogy and TOC content, core image and histograms showing the data 
distribution of unit A of the middle Bakken member. The mean (µ) and standard deviation (σ) are noted 





Figure 4.4: Average mineralogy and TOC content, core image and histograms showing the data 
distribution of unit B of the middle Bakken member. The mean (µ) and standard deviation (σ) are noted 





Figure 4.5: Average mineralogy and TOC content, core image and a histogram of the hardness data for 
the C unit of the middle Bakken member.  All data is from the Wayzetta 44-0311H horizontal well. The 
mean (µ) and standard deviation (σ) are noted for the hardness data. 
 
4.5 Middle Bakken – Unit D 
While Unit D consists of many contorted beds due to soft sediment deformation, many of the 
variables have moderate to strong correlations with each other.  The brittleness and hardness are overall 
high and they have a strong correlation (r = 0.92).  The fracture density is low (µ = 1) and the fractures 
that are present tend to occur at similar angles to the microfaults.  Young’s Modulus has good to strong 
correlations with hardness, (r = 0.79), TOC, (r = -0.96), porosity (r  = -0.94) and brittleness (r  = 0.85).  
Brittleness also has a good correlation with porosity (r = -0.72), and porosity with hardness (r = -0.74).  
The standard deviation curves indicated that there is moderate heterogeneity in this unit, with some 





Figure 4.6: Average mineralogy and TOC content, core image and histograms showing the data 
distribution of unit D of the middle Bakken member. The mean (µ) and standard deviation (σ) are noted 




4.6 Middle Bakken – Unit E1 
 In unit E1, brittleness and hardness both have wide distributions (Figure 4.7) and strongly 
correlate with each other (r = 0.94).  Overall this unit is highly fractured (µ = 6) and the fracture 
abundance has a moderate correlation with hardness (r = -0.69).  Brittleness also has a good correlation 
with grain size (r = 0.70), Young’s Modulus (r = -0.70).  Poisson’s Ratio correlates moderately with 
porosity (r = 0.65) and Sw (r = 0.63) and Young’s Modulus strongly correlates with TOC (r = -0.93).  The 
standard deviation curves in Figure 4.1 highlight the vertical heterogeneity of this unit.   
 
4.7 Middle Bakken – Unit E2 
 Hardness, brittleness, grain size and fabric have the widest distributions (Figure 4.8) due to the 
interbedded mudstones and siltstones present in this unit.   The strongest correlation observed is between 
Young’s Modulus and TOC (r = 0.91).  Young’s Modulus also correlates with porosity (r = -0.79).   
Hardness has moderate to good correlations with the number of fractures (r = -0.66), Poisson’s Ratio (r = 
0.62), Young’s Modulus (r = -0.74), Porosity (r = -0.71) and brittleness (r = 0.88).  Fracture abundance 
has strong correlations with porosity (r = 0.87) and Sw (r = 0.89) and grain size with TOC (r = 0.71).  
Overall this unit is moderately fractured (µ = 3).  
 
4.8 Middle Bakken – Unit F 
  Unit F is about half a meter thick and therefore the data is sparse through this unit (Figure 4.9).  
There were not enough data points to compute a meaningful correlation matrix at 0.5 foot spacing and 
containing the composition and brittleness data.  Unlike unit B, which is also structureless throughout, in 
this unit, the variables other than fabric change with depth.  Within the core, visually it can be seen that 
the number of fractures and clay content increase, and the hardness and carbonate content decrease 
upsection.  Where data are available, the correlation matrix supports these observations with good 




-0.86), Poisson’s Ratio (r = -0.70), Young’s Modulus (r  = -0.89),  and Sw (r = -0.88).  TOC, the only 
component of composition contained in the 0.25 ft spacing correlation matrix, shows strong correlations 
(r = ± 0.8 or better) with all variables except fabric, which is constant, and hardness.  Because the changes 
in these properties are gradual, generally the standard deviation curves show moderate to low values 
indicating a lower heterogeneity than adjacent units (Figure 4.1). 
 
4.9 Upper Shale Member 
 Similar to the lower shale member, the lower shale has a bimodal fabric distribution due to 
intermixing of fine laminations and with structureless sections (Figure 4.10).  There is a wide range of 
hardness and brittleness values, and the distribution of Poisson’s Ratio and Young’s Modulus values are 
slightly wider than in the lower shale.  There are just a few moderate correlations, fewer than seen in the 
lower shale member.  Hardness and brittleness show the one strong correlation (r = 0.86) in all of the 
upper shale member data.  Hardness moderately correlates with porosity (r = 0.60).   TOC moderately 
correlates fracture abundance (r = 0.63).  Overall, the lower shale is highly fractured but slightly less so 
than the lower shale (µ = 5).  Because most of the upper portion of this member is structureless and the 
silt content gradually decreases upsection, the standard deviation of much of the data shows more a 






Figure 4.7: Average mineralogy and TOC content, core image and histograms showing the data 
distribution of unit E1 of the middle Bakken member. The mean (µ) and standard deviation (σ) are noted 





Figure 4.8: Average mineralogy and TOC content, core image and histograms showing the data 
distribution of unit E2 of the middle Bakken member. The mean (µ) and standard deviation (σ) are noted 





Figure 4.9: Average mineralogy and TOC content, core image and histograms showing the data 
distribution of unit F of the middle Bakken member. The mean (µ) and standard deviation (σ) are noted 





Figure 4.10: Average mineralogy and TOC content, core image and histograms showing the data 









 The purpose of this chapter is to establish relationships between depositional environment and 
geomechanical rock properties by assessing and depositional and diagenetic processes.  Local 
depositional environments for each lithostratigraphic unit are interpreted and then discussed in relation to 
geomechanical data and observations to try and understand the link between the two.  Then, where 
sufficient data are available, statistical tools are then used to quantitatively assess both the vertical and 
lateral heterogeneity, as well as the anisotropy of several parameters for each unit. 
5.1 Interpreted Depositional Environment 
 Webster (1984) identified a predominance of algal or planktonic organic matter over terrestrial 
material which suggests an offshore marine depositional environment for the upper and lower shale 
members.  Additionally, many workers have attributed the upper and lower shale members to deposition 
and preservation of organic matter in a stratified water column with “quiet” anoxic bottom water 
conditions and cite a lack of bioturbation and the presence of pyrite in support of these conclusions 
(Webster, 1984; Hayes, 1985; LeFever, 1991; Smith and Bustin, 1995).  Consequently, both the upper 
and lower shale are commonly described as relatively homogenous units and classified as a single facies.   
Only recently, and infrequently, have organic-rich mudstones been looked at in more detail, with 
increasing evidence emerging that challenges the concept of shale deposition solely in a stagnant or low 
energy, anoxic environment (Schieber et al., 2007; Schieber and Southard, 2009; MacQuaker et al., 2010; 
Egenhoff and Fishman, 2013, Schieber, 2016).  In this study, asymmetrical ripples, graded beds, exotic 
clasts, and bioturbation are observed in the shale members.  Asymmetric ripples (Figure 3.7) are 
interpreted to be current ripples and indicate reworking of sediments and bed load transport. Due to 
compaction, the ripples often appear as parallel laminations at first glance, but closer inspection reveals 




3.21).  Exotic grains include conodont fragments, other skeletal matter, and up to coarse sand sized 
angular quartz grains, and are observed mostly in thin poorly sorted grain supported beds interpreted to be 
debrites (Figure 3.22a).  These deposits are interpreted to have been transported from more proximal 
shore environments out distally into the basin via sediment gravity flows.  The association of graded beds 
with ripple laminations, planar laminations and exotic clasts within these shales collectively indicate 
deposition from turbidity currents, rather than bottom currents reworking sediments in place. 
Finally, while parallel laminations have previously been recognized in the shale members, they 
are nearly all discontinuous and appear “fuzzy” in appearance (Figure 3.8).  The disruption of the 
laminations is interpreted to be due to bioturbation at the microscale.  Egenhoff and Fishman (2013) 
identified a number of trace fossils in ultra-thin sections of the upper Bakken shale responsible for the 
disruption of the laminations and Schieber (2003) showed similar evidence of bioturbation in comparable 
black shale deposits. 
Additionally, pyrite is known to form not only in anoxic marine environments, but also under 
normal marine (oxic) conditions within the sediments where there is a high amount of organic matter 
(Suits and Wilikin, 1998; Sageman and Lyons, 2005), as in the case of the Bakken shales.  Fishman et al. 
(2015), propose pyrite formation in the sediments under dysoxic conditions in the upper Bakken shale 
evidenced by low amounts of ferroan carbonate minerals they measured. Therefore, based on the evidence 
of widespread bioturbation, and sediment transport by various types of currents, especially sediment 
gravity flows, deposition of the shale members were likely not in completely quiet anoxic waters.  Rather, 
it is likely that periodically, currents carrying oxygenated waters from more proximal areas in the basin 
made their way out into the basin and provided at least a dysoxic environment for burrowing organisms to 
live. 
Overall, the carbonate-rich middle Bakken was deposited in shallow waters and represents a 
range of marine environments (Webster, 1984; LeFever et al., 1991; Egenhoff et al., 2011).  At the base 




with slow sedimentation rates (Triplehorn, 1965).  The presence of abundant lime mud with larger 
skeletal grains indicates a lower energy environment so that all the mud was not winnowed out.  The 
abundant crinoids, as well as trilobite fragments, indicate normal marine salinity conditions (Scholle and 
Ulmer-Scholle, 2003).  Additionally, there is very little siliciclastic material in unit A, suggesting 
deposition away from the shore and siliciclastic input.  Based on these observations, the depositional 
environment is interpreted as lower offshore. 
Unit A transitions gradually into unit B which has more siliciclastic material and fewer skeletal 
fragments.  Unit B is characterized by intensive bioturbation and therefore there are no primary 
sedimentary structures observed (Figure 3.11) to aid in the interpretation of depositional environment.  
Low faunal diversity, consisting of only crinoids and brachiopods, indicates a more hostile environment 
than unit A, although still normal marine conditions (Scholle and Ulmer-Scholle, 2003).  No crinoids and 
fewer brachiopods are observed in the upper half of unit B indicating a shift to an even more hostile 
environment, out of the range of normal salinity conditions.  The range of grain size, from very fine 
grained sand and coarse silt to clay sized, indicates that there were likely varying energy regimes during 
deposition.  Egenhoff et al (2011) have interpreted these fluctuating energy conditions to indicate 
deposition below normal wave base and above storm wave base with siliciclastic sediment frequently 
being transported in by storms and extensive bioturbation occurring during fair weather periods.  The 
interpreted depositional environment is upper offshore. 
Unit C overall has a larger grain size than unit B with less fine grained material and is 
predominantly composed fine sand sized quartz and calcite grains (Figure 3.13).  This indicates higher 
energy conditions and the presence of asymmetrical ripples indicates deposit by unidirectional currents.  
The laminated nature (Figure 3.12b) of this unit also indicates fluctuating energy related to the currents.  
Biotubation is generally low in this unit and is often confined to single beds (Figure 3.12) indicating a 
stressed environment.  Several workers have attributed this unit to a high energy intertidal to shallow 




flaser bedding although it is not seen in the rocks in this study (LeFever et al, 1991; Simenson 2010; 
Egenhoff et al., 2011; Gent, 2011).  However, parallel and ripple laminations are found a numerous 
depositional environments so this is only one possible interpretation. Angulo and Buatois (2012) suggest 
a transition from the low open marine setting that make up the lower units to a circulation restricted 
marginal-marine environment based on an analysis of trace fossils.  While they suggest a barrier-bay 
environment, an alternative interpretation could be a deltaic environment which would also result in less 
hospitable waters outside of normal marine conditions, provide a source of siliciclastic sediments and also 
produce wavy laminated to ripple laminated silty to fine sandy deposits.  This unit may be part of a mouth 
bar sand deposit within the delta.  Finally, the finer grained material observed towards the top of the unit 
suggests a reduction in depositional energy, possibly due to sea-level rise and subsequent backstepping of 
the delta. 
Interpreting the depositional environment of unit D from the wells in this study is challenging due 
to the extensive soft-sediment deformation which has disrupted or distorted many of the primary 
sedimentary structures (Figure 3.14).  The presence of laminations and beds containing either clay sized 
or silt to fine sand sized grains indicates varying depositional energy and an overall lower energy 
environment than unit C.  Other workers have interpreted the upper middle Bakken member as a 
retrograding, deepening-upwards unit and assigned similar facies to a lower shoreface environment of 
deposition (Simenson et al., 2010; Egenhoff et al., 2011).  The geometry of the primary fabric of the 
laminations and bedding cannot be determined due to extensive deformation.  Steep slopes are often 
associated with delta front deposits as high sedimentation over steepens slopes causing the sediments to 
slump.  Schieber (2016) suggest that most epicontinental seas, such as the one which covered the 
Williston Basin at the time of Bakken deposition, had slopes of less than 0.001 degrees.  Therefore, some 
mechanism such as deposition by a delta front would have been necessary to build up slopes steep enough 




The varying lithology and sedimentary structures that comprise unit E1 suggest widely varying 
depositional energy conditions. A more careful look at the sequence of the sedimentary structures 
identified, including massive siltstone beds (Ta) overlain by parallel laminations (Tb), current ripple beds 
(Tc) and finally mudstones with or without laminations (Td or Te) (Figure 3.16), are interpreted as Bouma 
sequences of turbidite deposits, although complete Ta through Te sequences are not observed.  The cross 
laminated l ripples with reworked tops show evidence of combined flow suggesting periods when wave 
action dominated.  Other workers have interpreted this unit represents a continuation of a lower shoreface 
environment, likely transitioning to deeper water and a more offshore environment due to the increasing 
amount of fine grained deposits compared to unit D (Simenson et al., 2010; Egenhoff et al., 2011).   The 
minor soft sediment deformation observed is likely related to continue steepening of delta front deposits 
closer to shore triggering movement of these turbidity currents as well as slumping. In the Wayzetta 44-
0311H well, this is the upper most unit in the middle Bakken member and the number and thickness of 
bioturbated mudstone beds increases towards the top of the unit, indicating the transition to an offshore 
environment in this well. 
The bioclast rich fining upwards deposits (Figure 3.19) of the E2 unit represent a continuation of 
the lower shoreface storm deposits seen unit E1 and are also interpreted as turbidites.  Their erosional 
bases and normal grading of coarse grained bioclasts (Ta) represent initial high energy conditions with 
overlying parallel laminations (Tb) and current ripples (Tc) indicating waning energy conditions.  The 
contacts between the Bouma units are more gradational than in unit E1.  The base of the turbidites in this 
unit contain larger clasts and overall much less fine-grained material in unit E1 suggesting they were 
overall higher energy than those identified in unit E1.  Egenhoff et al. (2011) suggests deposition above 
storm wave base but below normal wave base in a high energy environment based on the large size of 
bioclasts at the base of the turbidite deposits.   Again, these gravity driven deposits may be related to high 
sedimentation rates of proximal delta deposits causing over steepening and mass movements that 




The fining upwards sequence in unit F represents a continued deepening upward trend.  The 
overall small grain size and high level of bioturbation (Figure 3.20) indicates overall low depositional 
energy and is interpreted to represent an offshore environment.  The presence of brachiopod fragments 
and the high levels of bioturbation suggest a transition back to an open marine environment and non-
stressed conditions.  A higher abundance of silt at the bottom of the unit suggests initially there were 
some higher energy deposits that have since been bioturbated. 
5.2 Depositional Environment Tied to Geomechanical Properties 
Rock fabric is defined by Suarez-Rivera et al. (2013) as the distribution and orientation of planes 
of weakness in a rock due to bedding, laminations, pre-existing fractures, depositional interfaces or other 
sedimentary structures.  Many studies have shown that these elements of rock fabric influence fracture 
propagation geometry by inducing fracture arrest, energy loss due to shear slippage, or a change in the 
direction of fracture propagation (Daneshy, 1977; Warpinski and Tuefel, 1987; Miskimins and Barree, 
2003; Suarez-Rivera et al., 2013, Smart et al., 2014).   Because rock fabric and composition are 
considered primary drivers of all material properties (Hodenfield, 2012) and are inherently tied to 
sedimentary environment under which they were deposited, it is important to understand the depositional 
environment in order to understand the geomechanical behavior to optimize hydraulic fracturing 
operations. 
As a result of the variable mechanisms described in the previous section for sediment deposition 
and distribution in the shale members, the geomechanical properties are also quite variable.  Of all the 
units, the two shale members have the highest fracture densities observed in the core (Figure 4.1).  The 
fabric varies greatly in the shales, ranging from very thin silt laminations, to structureless clay rich 
sections many centimeters thick.  Overall, the average fracture abundance is slightly lower in the upper 
shale compared to the lower shale, with fewer fractures in the structureless sections that contain less silt.  
Additionally, a high correlation coefficient exists between hardness and brittleness and this relationship 




places where there are more siliceous silt grains concentrated in laminations and ripples. The upper shale 
is generally more bioturbated than the lower shale, as indicated by more and thicker structureless sections, 
and this is reflected in fewer and weaker correlations between variables in the correlation matrix as well 
as a slightly lower fracture density compared to the lower shale.  Unfortunately, there is not much 
variation or character seen in the calculated Poisson’s Ratio or Young’s Modulus curves. This is likely 
due to averaging of the small scale variations seen in the core by the sonic logs.  Overall the Young’s 
Modulus is lower in the shales compared to the middle Bakken and Poisson’s Ratio is fairly consistent 
throughout all three members. 
The high fracture density of the shales may be due to the overall high variability in fabric and 
lithology from sedimentation of parallel and ripple laminae, and sediment gravity-flow deposits 
punctuating background sedimentation.  Many planes of weakness were likely created between 
alternating layers of silica rich silt brittle layers and more organic and clay-rich ductile layers. 
Conversely, where the shales have been bioturbated and homogenized, fewer planes of weakness exist 
resulting in fewer fractures.   
The contact between the lower shale member and unit A of the middle Bakken member is sharp 
and in the vertical well the contact is also rubbelized at this interface.  In the horizontal well, the contact 
has been moderately bioturbated and is intact (Figure 3.10).  It is hypothesized that the plane of weakness 
created between the two juxtaposing lithologies and fabric of the shale and middle Bakken, and little to no 
bioturbation at the contact, resulted in the rubbelized contact in the vertical well.   The bioturbation 
observed at the boundary in the horizontal well possibly worked to strengthen this plane of weakness by 
mixing the two members together.  The contact between unit A and B is gradational and no fractures are 
observed through this transition. 
 The B unit is visually very homogenous due to extensive bioturbation (Figure 3.11) and the data 
shows overall a narrow distribution of values with very weak to no correlations between variables.  




fracture faces often contain brachiopod fragments.  The one rubbelized section in the middle of the unit 
appears to be an anomaly.  None of the data points to any differences in this rock compared to the rest of 
the unit that would make it more susceptible to fracturing.  For the rest of the unit, the extensive 
bioturbation that resulted in a homogenous fabric does not contain many planes of weakness from which 
fractures can initiate, other than the brachiopod fragments, which could have acted as a plane of weakness 
in the absence of the interfaces of sedimentary structures.   
 Few fractures were contained in unit C.  Although the C unit has parallel to wavy laminations and 
ripples, this fabric does not result in a high fracture density.  This unit is highly cemented with both 
calcite and dolomite (Brennan, 2016).  This cementation likely strengthened or even healed planes of 
weakness among planar and ripple laminations that could have been a source of fracturing. 
 There are also generally few fractures observed in unit D.  Of the fractures observed, most occur 
at similar angles to the micro fractures within the soft sediment deformation (Figure 4.6).  Prior to 
deformation, the primary rock fabric would have likely been parallel laminated to thinly bedded and 
fractures would have likely developed along these bedding planes and laminations acting as planes of 
weakness.  However, the extensive soft sediment deformation has disrupted the original planes of 
weakness and rearranged the intrinsic geomechanical properties associated with the original depositional 
fabric.  This repositioning of the beds and laminations likely formed new planes of weakness through soft 
sediment deformation. 
The porosity log and core data show that unit D has some of the highest porosity values in the 
formation (Figure 4.1).  High magnesium content measured by XRF is attributed to abundant dolomite 
(Figure 3.27 and Figure 3.28) which is confirmed in thin-section (Figure 3.15).  Hardness, brittleness, 
porosity and Young’s Modulus all increase upsection within this unit and all have strong correlation 
coefficients with each other.  Grau et al. (2013) also observed high porosity and dolomite content in this 




recrystallization of dolomite from calcite during diagenesis, which leads to an increase in porosity, is also 
driving the changes in the geomechanical properties of Young’s Modulus, hardness and brittleness. 
 Generally unit E1 is highly fractured but the majority of the fractures are concentrated within the 
clay rich mudstone beds or at bed boundaries boundary.   Fewer fractures are found within the more 
carbonate rich siltstone beds.  The mudstones have lower hardness and are less brittle while the siltstones 
have higher hardness values and are more brittle.  The siltstone beds are primarily associated with the 
typically coarser grained Ta, Tb and Tc units while the mudstones are associated with Td and Te units of the 
Bouma sequences identified in this unit and there is little bioturbation in this unit to homogenize 
sediments.  Overall, there are strong correlation coefficients calculated between many of the variables, 
which suggests that the mudstone and siltstones each have a unique set of rock properties.  These 
properties are likely a direct result of the sorting of grain size and composition that occurs with the energy 
conditions associated with each unit in the Bouma sequence.  While the mudstones typically contain more 
fractures, the overall high fracture abundance is attributed to the thinly interbedded nature of this unit 
which produces many planes of weakness. 
 While unit E2 also contains turbidite deposits, E1 and E2 display some different geomechanical 
characteristics. In unit E2, the turbidites are thicker, have overall larger grainsizes, less clay, and more 
carbonate content.  Additionally, there are fewer fractures in unit E2 than in unit E1.  The calculated 
correlation coefficients are generally slightly higher and strong correlations exist between more variables 
in E2. The lower fracture abundance in E2 is attributed to thicker beds with graded contacts resulting in 
fewer planes of weakness. 
 Despite strong bioturbation in unit F so that no primary sedimentary structures remain, there is an 
overall decrease in grain size and carbonate content upsection that correlates with an increased fracture 
abundance and decreasing Young’s Modulus and Poisson’s Ratio values.  This suggests that grain size 




sedimentary structures such as bedding planes or other interfaces that could have acted as planes of 
weakness conducive to fracturing.  
 
5.3 Vertical and Lateral Heterogeneity 
 The slight dip of the Wayzetta 44-0311H core below horizontal made it possible to collect Leeb’s 
hardness and XRF measurements both vertically and laterally.  Standard deviation and analysis of 
variance calculations were performed using the hardness data and mineral model values to quantitatively 
assess at the variability, or heterogeneity, of the data in these two directions.   
 
5.3.1. Standard Deviation 
The standard deviation of a population or data set is a measure of how spread out the values are.  
The horizontal standard deviation (σh) was calculated for each depth using all the values measured along a 
transect.  The length of each lateral transect varied from approximately 0.3048 m (1 ft) to 0.9144 (3 ft) 
due to many sections core that are preserved.  At each depth, a corresponding vertical standard deviation 
(σv) was calculated by using a vertical window equal to the length of the lateral transect.  All σ values 
were normalized by the length of the transect/window.    A comparison of these standard deviation values 
will assess the anisotropy of heterogeneity because it quantifies the variability of the data in each 
direction, which is important because, as previously mentioned, complex rock fabric has been shown to 
influence fracture complexity (Suarez-Rivera et al., 2013) and complex rock fabric describes 
heterogeneity. 
Crossplots of σh versus σv for Leeb’s hardness and mineralogy are shown in Figure 5.1 through 
Figure 5.5 and give a visual representation of how the standard deviations in the vertical and horizontal 
directions compare for a given depth and in each unit (points colored by unit).   
Overall, most values are either scattered around the 1:1 line, or above it, indicating that even in 




the vertical direction.  For depths where σh is greater than σv, (below the 1:1 line), these data are only 
weakly anisotropic in the horizontal direction. 
Since the crossplots only give a visual representation of the anisotropy in heterogeneity, a more 
quantitative way to look at these data is to define and calculate this anisotropy the ratio of the average 
standard deviations.  Table 5.1 displays, for each dataset and each unit, the calculated average σ in each 
direction, their ratio (A), and the ratio of the range of σ values (AR).  Values of A and AR greater than 1 
indicate overall anisotropy in the vertical direction and values lower than 1 indicates anisotropy in the 
lateral direction.  A value equal to 1 means the heterogeneity is equal in both directions or isotropic. 
 It is important to recognize that because the four mineral groups sum to 100%, they can be 
expected to covary, for purposes of interpretation of this data.  For all five datasets, the lower Bakken 
shale has the highest A and AR values of all the units and very few of the data points plot below the 1:1 
line (Figures 5.1 – 5.5).  This is in agreement with the vertical standard deviation values calculated in the 
Wayzetta 46-11M well (Figure 4.1) where both lower Bakken and upper Bakken shales, were highly 
variable across all data types.   Again, this also correlates with the largest number of fractures counted in 
the shale members of the vertical well.  Because the heterogeneity is much greater in the vertical 
direction, it will be more likely that fracture growth will be inhibited more in this direction as the fracture 
encounters many planes of weakness, versus horizontally. 
The E1 unit has the lowest A value across the five datasets.  This reflects heterogeneity in both 
directions, but is overall slightly anisotropic in the vertical direction.  There are also number of depths 
that fall below the 1:1 line for hardness, clay and pyrite.  In this unit, vertical heterogeneity is expected 
due to its laminated to thin bedded nature resulting in many planes of weakness, and many fractures are 
observed in core.  With the addition of the quantitative horizontal data that indicates lateral heterogeneity 
exists, it might be expected that there are also barriers to hydraulic fracture growth in the horizontal 




would occur in both the vertical and horizontal directions in unit E1, and especially compared to the more 
highly anisotropic lower shale. 
Units B, C and D all have anisotropy values that fall somewhere between the values for the lower 
shale and unit E1 depending on the dataset.  It is expected that the fracture complexity would be slightly 
higher in the vertical direction due to the calculated anisotropy values being above 1.  Some horizontal 
complexity is also anticipated, especially in the B and C units which have several data points that plot 





















Figure 5.2: Horizontal versus vertical standard deviation for quartz + feldspar values colored by unit.  
 
Figure 5.3: Horizontal versus vertical standard deviation for clay values colored by unit.  






























Figure 5.4: Horizontal versus vertical standard deviation for carbonate values colored by unit.  
 
Figure 5.5: Horizontal versus vertical standard deviation for pyrite values colored by unit. 






























Table 5.1: Calculated average σ in each direction, their ratio (A) and the ratio of the range of σ values (AR) 




5.3.2. Analysis of Variance 
 Analysis of Variance (ANOVA) is a statistical tool for analyzing the source of variance in a 
dataset by comparing the means of two or more populations.  The goal of the ANOVA calculation is to 
accept or reject the null hypothesis of the data.  In this study, the null hypothesis is that there is no 










LBS 11.9 29.1 2.4 2.4
B 11.2 14.0 1.3 0.7
C 8.6 15.1 1.7 1.2
D 28.3 46.7 1.7 1.2


















LBS 1.6 4.3 2.7 1.9 LBS 0.9 3.2 3.4 7.4
B 3.2 5.6 1.7 1.1 B 5.0 8.6 1.7 1.0
C 5.1 6.7 1.3 0.6 C 5.9 8.6 1.5 0.8
D 2.3 3.0 1.3 0.7 D 3.5 5.1 1.5 1.2


















LBS 1.1 3.1 2.9 2.7 LBS 0.3 0.7 2.2 1.7
B 2.2 3.7 1.6 0.6 B 0.2 0.4 1.7 1.5
C 1.4 2.5 1.7 0.9 C 0.5 0.6 1.2 0.9
D 2.6 4.4 1.7 1.0 D 0.4 0.6 1.5 0.9









that the distributions of the vertical and horizontal measurements come from the same population.   
Microsoft excel was used to conduct an ANOVA on each of the datasets hardness, quartz + feldspar, clay, 
carbonate and pyrite for each of the units in the Wayzetta 44-0311H well.   Because the goal is to look at 
the data in two dimensions, a two-way ANOVA is used to compute the variance in both the vertical and 
horizontal directions.  The output an ANOVA contains a table of values including column of p-values, 
one for each dimension, which is used to determine whether or not the populations differ significantly 
from each other.  A standard significance level (α) of 0.05 is used in this study where values below this 
value are considered significant and then null hypothesis is rejected.   A summary of the calculated p-
values from the ANOVA for each dataset, by unit, are show in Table 5.2.  See Appendix C for the full 
ANOVA tables. 
 The results of the various ANOVA calculations show all p-values in the vertical direction under 
0.05 indicating the null hypothesis is rejected for all datasets, meaning that the vertical measurements do 
vary significantly from each other, or that their means belong to different populations.  Of the horizontal 
measurements all but two have p-values over 0.05, meaning the null hypothesis in this direction is 
accepted, or that the lateral measurements do not vary significantly from each other.  The exceptions in 
the lateral direction are the carbonate measurements for unit B and unit D which have p-values just below 
0.05.  Both the ANOVA calculations and the anisotropy values from the standard deviation calculations, 












Table 5.2. Vertical and horizontal p-values from the ANOVA calculations for each of the Wayzetta 44-
0311H datasets, by unit.  P-values below the 0.05 significance value are in bold. 
Hardness 
            
LBS 
V 5.85E-18 
            H 0.057 
            
B 
V 9.16E-08 
            H 0.144 
            
C 
V 3.88E-11 
            H 0.080 
            
D 
V 3.38E-06 
            H 0.740 
            
E1 
V 7.08E-05 
            H 0.189 













































































































• Core descriptions are key, and care must be taken in shales to make detailed observations 
especially, identifying the scale of rock fabric and other sedimentary structures.   
• The depositional environment dictates the type of sedimentary processes acting to deposit, 
distribute sediments as well as alter them after deposition and ultimately a rock’s geomechanical 
properties. 
• Depositional sedimentary processes create orderly heterogeneity.  For example, turbidity currents 
result in sorting by grain size and compositional fractionation.  This leads to the development 
planes of weakness and variable rock types with specific properties in turbidites. 
• Post-depositional processes alter sediments.  For example, soft sediment deformation results in a 
new arrangement of the geomechanical processes including development of new planes of 
weakness.  During diagenesis changes occur that result in new geomechanical properties of the 
rock.  This includes cementation which strengthens planes of weakness and dolomitization which 
can increase hardness, brittleness and Young’s Modulus. 
• Bioturbation homogenizes and randomizes sediments so correlations between different 
parameters become weaker and planes of weakness are destroyed. 
• Planes of weakness from complex rock fabrics have been shown to be a source of fracture 
complexity by inducing hydraulic fracture stepovers, branching, or arrest, and can inhibit fracture 
growth by reducing fracturing energy available.  In a rock with few planes of weakness, a 
hydraulic fracture will more likely be able to propagate without losing energy through fracture 
branching and arrest.  In a rock with many planes of weakness, fracture energy can be lost at 
these interfaces, but also results in higher facture complexity.  This likely means higher pressures 




• The fabric of a rock, as it relates to the number and scale of the planes of weaknesses contained in 
it should be considered in addition to rock type/lithology, elastic properties (Young’s Modulus, 
Poisson’s Ratio), and stresses when considering completions designs. 
• In this study complex rock fabric is synonymous with heterogeneity and is quantified with 
standard deviation and ANOVA calculations.  Both statistical methods show quantitatively that 
there is more vertical heterogeneity than horizontal heterogeneity in all units.  This is likely to 
translate into more fracture complexity in the vertical direction compared to the horizontal 
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BAMBINO EXPERIMENTS IN SAND 
 
The current Mines’ protocol, established by Murray (2015), states that only samples over one 
inch (2.54 cm) in thickness and 1.5 inches (3.81 cm) long at the testing location should be used for 
measurement.  However, no explanation is given about how these criteria were determined, and it is likely 
that samples this small are prone to vibrations and unwanted energy absorption.  Therefore, a number of 
experimental measurements were taken to test the hypothesis that a core slab sample positioned securely 
within a bucket of sand would minimize energy absorption due to vibrations, resulting in more precise 
Leeb’s hardness measurements from the Proceq Equotip Bambino instrument. 
To begin the experiments, adjacent sets of HLD measurements were collected from core samples, 
positioned first in the Styrofoam cradle of a core box, and second, positioned securely within sand in a 
bucket.  Visually homogenous “large” and “small” samples, in terms of dimensions and mass, from both 
the Bakken shales and Middle Bakken members were selected.  
Each sample was first measured positioned in the Styrofoam cradle within the core box.  The 
samples were brushed off with a paper towel and then a bare hand to remove any debris on the surface.  
To collect a measurement, two fingers placed on either side of the instrument’s neck were used to hold 
the Bambino flat and steady on the surface of the core and the other hand was used to trigger the impact 
body to release and take a measurement.  For each core fragment measured, ten individual HLD 
measurements were taken in a horizontal line (Figure A.1).  The measurements were also taken at least 
2.5 cm away from the edge of the sample so as to measure the thickest portion of the core slab. 
Next, approximately ten kilograms of sand were placed in a plastic bucket large enough to hold a 
core sample with at least three centimeters of space around the edge of the sample.  These measurements 
were taken about one centimeter below the Styrofoam measurements on each core sample (Figure A.2).  




depth.  The sand was gently tamped down in the bucket to ensure a solid substrate for the core piece to lie 
in and placed on a flat, solid floor.  Core pieces to be measured were pushed into the sand until the 
surface to be measured was flush with the surface of the sand and there were no gaps between the core 
piece and the sand.  Any stray sand grains or debris were wiped clear from the surface of the sample with 
a paper towel and a bare hand.   
 
Figure A.1: Ten Bambino measurements were collected in a horizontal line on a Middle Bakken sample 
placed in the Styrofoam cradle within the core box.  The measurements were taken in the center of the 
sample, at least 2.5 cm from the vertical edge of the sample. 
 
 
Figure A.2: Ten Bambino measurements were collected in a horizontal line on a Middle Bakken sample 
placed in a bucket of sand, about 1 cm below the Styrofoam collected measurements. 
 
Once the clean sample was situated in the sand, two fingers placed on either side of the 







used to trigger the impact body to release and take a measurement.  All other measurement instructions as 
indicated in the manufacturer’s manual were followed including: not measuring in the same spot that has 
already been deformed by another impact, and not reloading the device after it has already been 
positioned at the new test site so as not to potentially affect the material with the stress of the loading.  
The results of the experiments show a lower range of values and lower standard deviation for samples 
measured while secured in the box of sand versus in the Styrofoam cradle in the core box (Table A.1).  
Based on these results, all further Bambino measurements collected in this study were done on samples 





















Table A.1 Bambino measurements collected during experiments to determine if measuring a core slab placed in sand would result in increased 
precision.  The numbers highlighted in green show that for 5 out of 6 samples tested, the range of HLD values is lower for measurements collected 





size large small large  small large small large small  large  small  large  small 
size in cm 8.9 4.4 8.9 4.4 12.7 3.2 12.7 3.2 7.6 5.7 7.6 5.7
measurement # HLD HLD HLD HLD HLD HLD HLD HLD HLD HLD HLD HLD
1 661 664 640 640 619 634 670 557 617 551 612 647
2 664 624 619 598 670 640 637 602 622 587 573 642
3 655 616 614 598 597 618 580 614 636 621 573 652
4 678 604 614 598 581 628 619 570 639 631 588 526
5 701 620 610 640 695 525 613 587 645 541 568 653
6 586 656 673 567 594 630 583 603 640 533 550 603
7 590 559 655 633 650 609 608 583 600 657 560 555
8 653 598 614 589 650 630 640 567 590 656 642 566
9 590 603 648 603 632 639 672 650 614 650 636 538
10 710 589 599 619 575 517 581 602 590 665 612 593
AVG 649 613 629 609 626 607 620 594 619 609 591 598
STDEV 45 31 24 24 40 46 34 27 21 52 32 49
MIN 586 559 599 567 575 517 580 557 590 533 550 526
MAX 710 664 673 640 695 640 672 650 645 665 642 653
RANGE 124 105 74 73 120 123 92 93 55 132 92 127
Middle Bakken
Depth 10112' 1.5" - 10112' 7"
Middle Bakken
Depth 10128' 4" - 10128' 10.5"
Lower Shale
Depth 10241' - 10241' 8.25"





CORRELATION MATRICIES BY UNIT 
 
 Correlation matrices are used to compute and display the linear dependence between two 
variables and can be easily computed in matlab with the function corcoeff.  The inputs are column vectors 
containing the depth value pairs of data for each variable.  The corcoeff function then computes the 
correlation coefficient of every pairwise combination of variables and outputs these coefficients, which 
range from -1 to 1, in a matrix.  The diagonals will always be 1 as they represent the dependence of a 
variable with itself.  Values that near 1 represent strong positive correlations meaning as one variable 
increases, so does the other.  Values that near -1 represent strong negative correlations meaning as one 
variable increases, the other decreases. 
Two correlation matrices were computed for each stratigraphic unit (Tables B.1 – B.14).  One 
matrix was computed using only data with 0.25 ft spacing.  This includes the hardness data, originally 
collected very 0.25 ft, and log data resampled in Techlog to match this spacing.   Most of the correlations 
examined in chapter 4 come from this matrix.  A second matrix was computed with the mineral groups 
and brittleness, which have 0.5 ft spacing, and down sampled hardness and log data to match this spacing.  
A color gradient was then applied to the matrices to visually highlight stronger versus weaker 
correlations.  Bright yellow colors indicate strong positive correlations, browns indicate weak 
correlations, and bright purple indicates strong negative correlations.  Only data that was not contained in 
the higher resolution, 0.25ft spacing matrix were considered and are indicated by the highlighted bottom 
five rows of these matrices. 
It is important to note that a number of variable pairs are expected to have high correlation 
coefficients many are used to calculate another variable such as TOC and mineralogy as inputs to 
brittleness or porosity as a main input into Sw, as defined by the equations stated in chapter 3.  In these 



















Size PR YM TOC φ SW
Hardness 1.00 0.11 0.06 0.11 0.00 0.15 -0.58 -0.51 -0.22
# Fracs 0.11 1.00 -0.17 0.02 -0.46 -0.12 -0.20 -0.09 0.10
Fabric 0.06 -0.17 1.00 -0.04 0.13 0.11 -0.09 -0.10 -0.04
Grain Size 0.11 0.02 -0.04 1.00 0.00 0.02 -0.09 -0.10 -0.05
PR 0.00 -0.46 0.13 0.00 1.00 0.61 -0.15 -0.21 -0.08
YM 0.15 -0.12 0.11 0.02 0.61 1.00 -0.62 -0.15 0.42
TOC -0.58 -0.20 -0.09 -0.09 -0.15 -0.62 1.00 0.62 -0.10
φ -0.51 -0.09 -0.10 -0.10 -0.21 -0.15 0.62 1.00 0.59
SW -0.22 0.10 -0.04 -0.05 -0.08 0.42 -0.10 0.59 1.00




Table B.2 Correlation matrix for the Lower Bakken Shale relating all variables sampled at 0.5 foot spacing.  The first 9 variables were down 












Size PR YM TOC φ SW QF Clay Carb Pyr Brit
Hardness 1.00 0.02 -0.01 0.28 -0.05 0.08 -0.46 -0.19 -0.23 0.80 -0.82 -0.67 -0.22 0.82
# Fracs 0.02 1.00 -0.16 -0.04 -0.48 -0.04 -0.31 0.08 0.13 0.07 -0.10 -0.05 0.13 0.13
Fabric -0.01 -0.16 1.00 -0.07 0.06 0.04 -0.10 -0.09 -0.08 0.17 -0.05 -0.28 -0.04 0.06
Grain Size 0.28 -0.04 -0.07 1.00 0.00 0.05 -0.16 -0.06 -0.06 0.19 -0.22 -0.10 -0.28 0.22
PR -0.05 -0.48 0.06 0.00 1.00 0.50 -0.08 -0.41 -0.19 -0.18 0.16 0.18 -0.02 -0.14
YM 0.08 -0.04 0.04 0.05 0.50 1.00 -0.60 -0.06 0.47 0.08 -0.11 0.01 -0.18 0.19
TOC -0.46 -0.31 -0.10 -0.16 -0.08 -0.60 1.00 0.27 -0.11 -0.49 0.56 0.35 0.18 -0.64
φ -0.19 0.08 -0.09 -0.06 -0.41 -0.06 0.27 1.00 0.62 -0.23 0.22 0.24 0.09 -0.23
SW -0.23 0.13 -0.08 -0.06 -0.19 0.47 -0.11 0.62 1.00 -0.23 0.23 0.26 -0.11 -0.19
QF 0.80 0.07 0.17 0.19 -0.18 0.08 -0.49 -0.23 -0.23 1.00 -0.95 -0.92 -0.29 0.94
Clay -0.82 -0.10 -0.05 -0.22 0.16 -0.11 0.56 0.22 0.23 -0.95 1.00 0.77 0.24 -0.99
Carb -0.67 -0.05 -0.28 -0.10 0.18 0.01 0.35 0.24 0.26 -0.92 0.77 1.00 0.15 -0.75
Pyr -0.22 0.13 -0.04 -0.28 -0.02 -0.18 0.18 0.09 -0.11 -0.29 0.24 0.15 1.00 -0.24
Brit 0.82 0.13 0.06 0.22 -0.14 0.19 -0.64 -0.23 -0.19 0.94 -0.99 -0.75 -0.24 1.00



























Size PR YM TOC φ SW
Hardness 1.00 -0.15 - - -0.14 0.01 -0.02 0.00 -0.18
# Fracs -0.15 1.00 - - -0.03 -0.08 0.02 -0.07 -0.10
Fabric - - 1.00 - - - - - -
Grain Size 0.00 0.00 - 1.00 - - - - -
PR -0.14 -0.03 - - 1.00 -0.16 -0.47 -0.52 -0.13
YM 0.01 -0.08 - - -0.16 1.00 -0.45 0.13 -0.16
TOC -0.02 0.02 - - -0.47 -0.45 1.00 0.55 0.43
φ 0.00 -0.07 - - -0.52 0.13 0.55 1.00 0.17




Table B.4: Correlation matrix for unit B relating all variables sampled at 0.5 foot spacing.  The first 9 variables were down sampled to 0.5 foot 












Size PR YM TOC φ SW QF Clay Carb Pyr Brit
Hardness 1.00 -0.23 - - -0.11 -0.07 0.05 -0.05 -0.06 -0.31 -0.41 0.38 0.10 0.40
# Fracs -0.23 1.00 - - -0.05 -0.01 0.00 -0.08 -0.12 -0.02 0.01 -0.01 -0.06 -0.03
Fabric - - 1.00 - - - - - - - - - - -
Grain Size - - - 1.00 - - - - - - - - - -
PR -0.11 -0.05 - - 1.00 -0.11 -0.48 -0.54 -0.16 -0.41 -0.20 0.37 -0.28 0.27
YM -0.07 -0.01 - - -0.11 1.00 -0.54 0.11 -0.20 0.27 -0.07 -0.16 -0.21 0.16
TOC 0.05 0.00 - - -0.48 -0.54 1.00 0.50 0.47 0.14 0.21 -0.19 0.24 -0.37
φ -0.05 -0.08 - - -0.54 0.11 0.50 1.00 0.19 0.29 0.17 -0.28 0.11 -0.24
SW -0.06 -0.12 - - -0.16 -0.20 0.47 0.19 1.00 0.07 -0.07 -0.04 -0.09 -0.02
QF -0.31 -0.02 - - -0.41 0.27 0.14 0.29 0.07 1.00 0.68 -0.96 0.27 -0.67
Clay -0.41 0.01 - - -0.20 -0.07 0.21 0.17 -0.07 0.68 1.00 -0.85 0.24 -0.98
Carb 0.38 -0.01 - - 0.37 -0.16 -0.19 -0.28 -0.04 -0.96 -0.85 1.00 -0.29 0.84
Pyr 0.10 -0.06 - - -0.28 -0.21 0.24 0.11 -0.09 0.27 0.24 -0.29 1.00 -0.25

























Size PR YM TOC φ SW
Hardness 1.00 0.15 -0.19 - 0.43 0.79 -0.78 -0.74 -0.18
# Fracs 0.15 1.00 0.29 - 0.30 0.08 -0.14 -0.12 0.11
Fabric -0.19 0.29 1.00 - 0.25 -0.28 0.19 -0.01 0.77
Grain Size - - - 1.00 - - - - -
PR 0.43 0.30 0.25 - 1.00 0.47 -0.59 -0.56 0.43
YM 0.79 0.08 -0.28 - 0.47 1.00 -0.96 -0.94 -0.39
TOC -0.78 -0.14 0.19 - -0.59 -0.96 1.00 0.93 0.25
φ -0.74 -0.12 -0.01 - -0.56 -0.94 0.93 1.00 0.13
SW -0.18 0.11 0.77 - 0.43 -0.39 0.25 0.13 1.00




Table B.6: Correlation matrix for unit D relating all variables sampled at 0.5 foot spacing.  The first 9 variables were down sampled to 0.5 foot 












Size PR YM TOC φ SW QF Clay Carb Pyr Brit
Hardness 1.00 0.45 -0.31 - 0.48 0.75 -0.78 -0.66 -0.32 -0.57 -0.92 0.89 -0.54 0.92
# Fracs 0.45 1.00 0.37 - 0.70 0.26 -0.35 -0.34 0.36 -0.46 -0.30 0.37 -0.03 0.32
Fabric -0.31 0.37 1.00 - 0.31 -0.28 0.19 0.00 0.89 0.34 0.42 -0.47 0.29 -0.39
Grain Size - - - 1.00 - - - - - - - - - -
PR 0.48 0.70 0.31 - 1.00 0.54 -0.66 -0.64 0.45 -0.49 -0.41 0.49 -0.31 0.46
YM 0.75 0.26 -0.28 - 0.54 1.00 -0.96 -0.94 -0.38 -0.24 -0.82 0.67 -0.49 0.85
TOC -0.78 -0.35 0.19 - -0.66 -0.96 1.00 0.94 0.22 0.35 0.80 -0.71 0.59 -0.83
φ -0.66 -0.34 0.00 - -0.64 -0.94 0.94 1.00 0.11 0.14 0.68 -0.52 0.46 -0.72
SW -0.32 0.36 0.89 - 0.45 -0.38 0.22 0.11 1.00 0.06 0.43 -0.34 0.19 -0.40
QF -0.57 -0.46 0.34 - -0.49 -0.24 0.35 0.14 0.06 1.00 0.56 -0.81 0.12 -0.56
Clay -0.92 -0.30 0.42 - -0.41 -0.82 0.80 0.68 0.43 0.56 1.00 -0.93 0.40 -1.00
Carb 0.89 0.37 -0.47 - 0.49 0.67 -0.71 -0.52 -0.34 -0.81 -0.93 1.00 -0.40 0.93
Pyr -0.54 -0.03 0.29 - -0.31 -0.49 0.59 0.46 0.19 0.12 0.40 -0.40 1.00 -0.43
Brit 0.92 0.32 -0.39 - 0.46 0.85 -0.83 -0.72 -0.40 -0.56 -1.00 0.93 -0.43 1.00

























Size PR YM TOC φ SW
Hardness 1.00 -0.69 -0.50 0.06 -0.11 -0.13 0.03 -0.29 -0.30
# Fracs -0.69 1.00 0.33 -0.28 0.06 -0.18 0.20 0.23 0.22
Fabric -0.50 0.33 1.00 0.10 0.40 0.44 -0.17 0.37 0.28
Grain Size 0.06 -0.28 0.10 1.00 0.07 -0.12 0.17 0.26 0.09
PR -0.11 0.06 0.40 0.07 1.00 0.00 0.29 0.65 0.63
YM -0.13 -0.18 0.44 -0.12 0.00 1.00 -0.93 -0.49 -0.26
TOC 0.03 0.20 -0.17 0.17 0.29 -0.93 1.00 0.76 0.56
φ -0.29 0.23 0.37 0.26 0.65 -0.49 0.76 1.00 0.86
SW -0.30 0.22 0.28 0.09 0.63 -0.26 0.56 0.86 1.00




Table B.8: Correlation matrix for unit E1 relating all variables sampled at 0.5 foot spacing.  The first 9 variables were down sampled to 0.5 foot 












Size PR YM TOC φ SW QF Clay Carb Pyr Brit
Hardness 1.00 -0.74 -0.62 0.55 -0.06 -0.54 0.43 0.15 -0.03 0.89 -0.93 0.78 -0.44 0.94
# Fracs -0.74 1.00 0.61 -0.22 0.02 -0.04 0.08 0.07 -0.03 -0.54 0.55 -0.40 0.09 -0.56
Fabric -0.62 0.61 1.00 -0.24 0.38 0.35 -0.04 0.44 0.55 -0.68 0.54 -0.24 0.27 -0.55
Grain Size 0.55 -0.22 -0.24 1.00 0.13 -0.76 0.78 0.56 0.20 0.48 -0.71 0.84 -0.14 0.70
PR -0.06 0.02 0.38 0.13 1.00 -0.12 0.48 0.83 0.90 -0.29 0.14 0.05 0.58 -0.14
YM -0.54 -0.04 0.35 -0.76 -0.12 1.00 -0.91 -0.41 0.02 -0.66 0.70 -0.64 0.15 -0.70
TOC 0.43 0.08 -0.04 0.78 0.48 -0.91 1.00 0.74 0.39 0.42 -0.55 0.62 0.08 0.54
φ 0.15 0.07 0.44 0.56 0.83 -0.41 0.74 1.00 0.88 -0.07 -0.21 0.50 0.27 0.20
SW -0.03 -0.03 0.55 0.20 0.90 0.02 0.39 0.88 1.00 -0.36 0.12 0.18 0.43 -0.12
QF 0.89 -0.54 -0.68 0.48 -0.29 -0.66 0.42 -0.07 -0.36 1.00 -0.92 0.65 -0.43 0.93
Clay -0.93 0.55 0.54 -0.71 0.14 0.70 -0.55 -0.21 0.12 -0.92 1.00 -0.89 0.49 -1.00
Carb 0.78 -0.40 -0.24 0.84 0.05 -0.64 0.62 0.50 0.18 0.65 -0.89 1.00 -0.50 0.88
Pyr -0.44 0.09 0.27 -0.14 0.58 0.15 0.08 0.27 0.43 -0.43 0.49 -0.50 1.00 -0.48
Brit 0.94 -0.56 -0.55 0.70 -0.14 -0.70 0.54 0.20 -0.12 0.93 -1.00 0.88 -0.48 1.00

























Size PR YM TOC φ SW
Hardness 1.00 -0.66 -0.39 -0.11 0.62 -0.74 -0.60 -0.71 -0.33
# Fracs -0.66 1.00 0.66 -0.11 -0.11 0.47 0.28 0.87 0.89
Fabric -0.39 0.66 1.00 0.47 0.26 0.51 0.49 0.73 0.58
Grain Size -0.11 -0.11 0.47 1.00 -0.07 0.58 0.71 0.24 -0.30
PR 0.62 -0.11 0.26 -0.07 1.00 -0.64 -0.51 -0.31 0.16
YM -0.74 0.47 0.51 0.58 -0.64 1.00 0.91 0.79 0.17
TOC -0.60 0.28 0.49 0.71 -0.51 0.91 1.00 0.57 -0.08
φ -0.71 0.87 0.73 0.24 -0.31 0.79 0.57 1.00 0.74
SW -0.33 0.89 0.58 -0.30 0.16 0.17 -0.08 0.74 1.00




Table B.10: Correlation matrix for unit E2 relating all variables sampled at 0.5 foot spacing.  The first 9 variables were down sampled to 0.5 foot 












Size PR YM TOC φ SW QF Clay Carb Pyr Brit
Hardness 1.00 -0.64 -0.71 -0.89 0.42 -0.94 -0.99 -0.66 -0.08 0.63 -0.88 0.89 -0.71 0.88
# Fracs -0.64 1.00 0.91 0.42 -0.21 0.82 0.66 1.00 0.81 -0.66 0.68 -0.27 0.91 -0.66
Fabric -0.71 0.91 1.00 0.36 0.09 0.76 0.69 0.90 0.70 -0.91 0.88 -0.30 0.99 -0.87
Grain Size -0.89 0.42 0.36 1.00 -0.75 0.86 0.92 0.45 -0.19 -0.21 0.58 -0.98 0.36 -0.57
PR 0.42 -0.21 0.09 -0.75 1.00 -0.54 -0.49 -0.25 0.18 -0.40 0.04 0.64 0.09 -0.06
YM -0.94 0.82 0.76 0.86 -0.54 1.00 0.96 0.84 0.32 -0.55 0.79 -0.78 0.76 -0.77
TOC -0.99 0.66 0.69 0.92 -0.49 0.96 1.00 0.68 0.10 -0.58 0.85 -0.89 0.69 -0.84
φ -0.66 0.99 0.90 0.45 -0.25 0.84 0.68 1.00 0.79 -0.64 0.68 -0.31 0.90 -0.66
SW -0.08 0.81 0.70 -0.19 0.18 0.32 0.10 0.79 1.00 -0.49 0.29 0.34 0.70 -0.27
QF 0.63 -0.66 -0.91 -0.21 -0.40 -0.55 -0.58 -0.64 -0.49 1.00 -0.92 0.24 -0.91 0.92
Clay -0.88 0.68 0.88 0.58 0.04 0.79 0.85 0.68 0.29 -0.92 1.00 -0.61 0.88 -0.99
Carb 0.89 -0.27 -0.30 -0.98 0.64 -0.78 -0.89 -0.31 0.34 0.24 -0.61 1.00 -0.30 0.61
Pyr -0.71 0.91 0.99 0.36 0.09 0.76 0.69 0.90 0.70 -0.91 0.88 -0.30 1.00 -0.87
Brit 0.88 -0.66 -0.87 -0.57 -0.06 -0.77 -0.84 -0.66 -0.27 0.92 -1.00 0.61 -0.87 1.00



























Size PR YM TOC φ SW
Hardness 1.00 0.27 - -0.50 0.20 -0.18 0.13 -0.95 -0.67
# Fracs 0.27 1.00 - -0.86 -0.70 -0.89 0.87 -0.47 -0.88
Fabric - - 1.00 - - - - - -
Grain Size -0.50 -0.86 - 1.00 0.74 0.94 -0.92 0.80 0.95
PR 0.20 -0.70 - 0.74 1.00 0.92 -0.94 0.29 0.52
YM -0.18 -0.89 - 0.94 0.92 1.00 -0.99 0.77 0.82
TOC 0.13 0.87 - -0.92 -0.94 -0.99 1.00 -0.68 -0.79
φ -0.95 -0.47 - 0.80 0.29 0.77 -0.68 1.00 0.92


























Size PR YM TOC φ SW
Hardness 1.00 -0.36 -0.31 0.18 -0.53 0.18 0.41 0.60 -0.45
# Fracs -0.36 1.00 0.16 0.03 -0.05 0.26 -0.63 -0.09 0.28
Fabric -0.31 0.16 1.00 -0.12 0.53 -0.46 -0.12 -0.34 -0.01
Grain Size 0.18 0.03 -0.12 1.00 -0.41 0.18 -0.10 0.22 -0.05
PR -0.53 -0.05 0.53 -0.41 1.00 -0.45 -0.03 -0.51 0.26
YM 0.18 0.26 -0.46 0.18 -0.45 1.00 -0.61 -0.09 0.46
TOC 0.41 -0.63 -0.12 -0.10 -0.03 -0.61 1.00 0.46 -0.66
φ 0.60 -0.09 -0.34 0.22 -0.51 -0.09 0.46 1.00 -0.57
SW -0.45 0.28 -0.01 -0.05 0.26 0.46 -0.66 -0.57 1.00




Table B.13: Correlation matrix for the Upper Bakken Shale relating all variables sampled at 0.5 foot spacing.  The first 9 variables were down 










Size PR YM TOC φ SW QF Clay Carb Pyr Brit
Hardness 1.00 -0.40 -0.25 0.26 -0.57 0.13 0.42 0.57 -0.45 0.89 -0.88 -0.87 0.34 0.86
# Fracs -0.40 1.00 0.11 -0.03 0.06 0.24 -0.59 -0.14 0.29 -0.30 0.32 0.35 -0.55 -0.24
Fabric -0.25 0.11 1.00 -0.14 0.53 -0.48 -0.08 -0.30 -0.06 -0.28 0.33 0.20 0.07 -0.34
Grain Size 0.26 -0.03 -0.14 1.00 -0.56 0.15 -0.08 0.33 -0.08 0.30 -0.30 -0.26 -0.18 0.32
PR -0.57 0.06 0.53 -0.56 1.00 -0.34 -0.14 -0.59 0.34 -0.63 0.65 0.54 0.12 -0.67
YM 0.13 0.24 -0.48 0.15 -0.34 1.00 -0.63 -0.14 0.54 0.14 -0.11 -0.15 -0.15 0.22
TOC 0.42 -0.59 -0.08 -0.08 -0.14 -0.63 1.00 0.51 -0.69 0.37 -0.38 -0.36 0.30 0.24
φ 0.57 -0.14 -0.30 0.33 -0.59 -0.14 0.51 1.00 -0.61 0.63 -0.66 -0.57 0.03 0.61
SW -0.45 0.29 -0.06 -0.08 0.34 0.54 -0.69 -0.61 1.00 -0.42 0.50 0.31 -0.09 -0.42
QF 0.89 -0.30 -0.28 0.30 -0.63 0.14 0.37 0.63 -0.42 1.00 -0.98 -0.96 0.19 0.97
Clay -0.88 0.32 0.33 -0.30 0.65 -0.11 -0.38 -0.66 0.50 -0.98 1.00 0.90 -0.22 -0.99
Carb -0.87 0.35 0.20 -0.26 0.54 -0.15 -0.36 -0.57 0.31 -0.96 0.90 1.00 -0.34 -0.89
Pyr 0.34 -0.55 0.07 -0.18 0.12 -0.15 0.30 0.03 -0.09 0.19 -0.22 -0.34 1.00 0.17
Brit 0.86 -0.24 -0.34 0.32 -0.67 0.22 0.24 0.61 -0.42 0.97 -0.99 -0.89 0.17 1.00







 Balanced two-way analysis of variation calculations were run on hardness and the mineral model 
mineralogy data for each unit from the Wayzetta 44-0311H well.  In the first column, source of variation, 
rows correspond to the vertical data and columns represent the horizontal data. An α value of 0.05 was 
used to determine significance of the P-value. 
 
Table C.1: ANOVA results for the Leeb’s hardness data from the Lower Bakken Shale. 








Square F P-value 
Rows 134973.9 17 7939.641 22.58789 5.85E-18 
Columns 2821.535 3 940.5118 2.67571 0.056885 
Error 17926.49 51 351.4998 
  Total 155721.9 71       
 
Table C.2: ANOVA results for the Leeb’s hardness data from middle Bakken unit B. 








Square F P-value 
Rows 47337.08 52 910.3285 2.823941 9.16E-08 
Columns 2231.386 4 557.8465 1.730502 0.144483 
Error 67051.1 208 322.3611 
  Total 116619.6 264       
 
Table C.3: ANOVA results for the Leeb’s hardness data from the middle Bakken unit C. 








Square F P-value 
Rows 32438.28 12 2703.19 12.74072 3.88E-11 
Columns 1890.54 4 472.635 2.227632 0.079903 
Error 10184.13 48 212.1693 






Table C.4: ANOVA results for the Leeb’s hardness data from the middle Bakken unit D 








Square F P-value 
Rows 179101.5 9 19900.17 7.687821 3.38E-06 
Columns 5115.924 4 1278.981 0.494095 0.740077 
Error 93187.14 36 2588.532 
  Total 277404.6 49       
 
Table C.5: ANOVA results for the Leeb’s hardness data from the middle Bakken unit E1. 








Square F P-value 
Rows 389802.4 7 55686.06 7.042003 7.08E-05 
Columns 52235.79 4 13058.95 1.651422 0.189276 
Error 221415.6 28 7907.701 
  Total 663453.8 39       
 
Table C.6: ANOVA results for quartz + feldspar data from the lower Bakken shale. 
ANOVA - Quartz + Feldspar - Lower Bakken Shale 







Square F P-value 
Rows 4376.278 17 257.4281 20.51056 4.66E-17 
Columns 71.26334 3 23.75445 1.892634 0.142555 
Error 640.1011 51 12.551 
  Total 5087.642 71       
 
Table C.7: ANOVA results for quartz + feldspar data from the middle Bakken unit B. 
ANOVA - Quartz + Feldspar - Middle Bakken Unit B 







Square F P-value 
Rows 7281.121 52 140.0216 4.320305 2.53E-14 
Columns 311.2538 4 77.81345 2.400901 0.051135 
Error 6741.302 208 32.41011 






Table C.8: ANOVA results for quartz + feldspar data from the middle Bakken unit C. 
ANOVA - Quartz + Feldspar - Middle Bakken Unit C 







Square F P-value 
Rows 3336.658 12 278.0548 3.590612 0.000749 
Columns 225.8062 4 56.45156 0.728977 0.576594 
Error 3717.091 48 77.43939 
  Total 7279.555 64       
 
Table C.9: ANOVA results for quartz + feldspar data from the middle Bakken unit D. 
ANOVA - Quartz + Feldspar - Middle Bakken Unit D 







Square F P-value 
Rows 822.6947 9 91.41052 7.740016 3.14E-06 
Columns 63.27429 4 15.81857 1.339408 0.274234 
Error 425.1643 36 11.81012 
  Total 1311.133 49       
 
Table C.10: ANOVA results for quartz + feldspar data from the middle Bakken unit E1. 








Square F P-value 
Rows 4899.787 7 699.9695 35.11173 3.15E-12 
Columns 73.70284 4 18.42571 0.924267 0.463857 
Error 558.1936 28 19.93549 
  Total 5531.683 39       
 
Table C.11: ANOVA results for Carbonate data from the lower Bakken shale. 
ANOVA - Carbonate - Lower Bakken Shale 







Square F P-value 
Rows 811.9707 17 47.76298 17.2656 1.74E-15 
Columns 8.292849 3 2.764283 0.999247 0.40079 
Error 141.0847 51 2.766367 









Table C.12: ANOVA results for Carbonate data from the middle Bakken unit B. 
ANOVA - Carbonate -Middle Bakken Unit B 







Square F P-value 
Rows 33056.8 83 398.2747 6.257786 5.27E-34 
Columns 660.2093 4 165.0523 2.593341 0.036493 
Error 21130.03 332 63.64467 
  Total 54847.04 419       
 
Table C.13: ANOVA results for Carbonate data from the middle Bakken unit C. 
ANOVA - Carbonate -Middle Bakken Unit C 







Square F P-value 
Rows 7619.894 12 634.9911 5.981144 3.1E-06 
Columns 379.0819 4 94.77048 0.892667 0.475648 
Error 5095.944 48 106.1655 
  Total 13094.92 64       
 
Table C.14: ANOVA results for Carbonate data from the middle Bakken unit D. 
ANOVA - Carbonate -Middle Bakken Unit D 







Square F P-value 
Rows 2731.883 9 303.5426 11.22145 4.2E-08 
Columns 318.4707 4 79.61768 2.94333 0.033372 
Error 973.8075 36 27.05021 
  Total 4024.161 49       
 
Table C.15: ANOVA results for Carbonate data from the middle Bakken unit E1. 
ANOVA - Carbonate -Middle Bakken Unit E1 







Square F P-value 
Rows 4362.693 7 623.2418 27.97861 4.97E-11 
Columns 71.54959 4 17.8874 0.803002 0.533615 
Error 623.7183 28 22.27565 








Table C.16: ANOVA results for Clay data from the lower Bakken shale. 
ANOVA - Clay - Lower Bakken Shale 







Square F P-value 
Rows 2173.088 17 127.8287 18.06217 6.81E-16 
Columns 44.03706 3 14.67902 2.074142 0.115182 
Error 360.9347 51 7.077151 
  Total 2578.06 71       
 
Table C.17: ANOVA results for Clay data from the middle Bakken unit B. 
ANOVA -Clay -Middle Bakken Unit B 







Square F P-value 
Rows 2143.382 52 41.21888 3.462866 1.33E-10 
Columns 97.58617 4 24.39654 2.049593 0.088714 
Error 2475.848 208 11.90311 
  Total 4716.816 264       
 
Table C.18: ANOVA results for Clay data from the middle Bakken unit C. 
ANOVA -Clay -Middle Bakken Unit C 







Square F P-value 
Rows 799.3536 12 66.6128 10.35734 1.2E-09 
Columns 32.92369 4 8.230922 1.279791 0.291052 
Error 308.7099 48 6.431457 
  Total 1140.987 64       
 
Table C.19: ANOVA results for Clay data from the middle Bakken unit D. 
ANOVA -Clay -Middle Bakken Unit D 







Square F P-value 
Rows 2687.417 9 298.6019 20.95496 8.77E-12 
Columns 94.74673 4 23.68668 1.662259 0.180125 
Error 512.9891 36 14.2497 








Table C.20: ANOVA results for Clay data from the middle Bakken unit E1. 
ANOVA -Clay -Middle Bakken Unit E1 







Square F P-value 
Rows 1581.743 7 225.9633 5.473409 0.000485 
Columns 103.3546 4 25.83866 0.625878 0.64797 
Error 1155.947 28 41.28383 
  Total 2841.045 39       
 
Table C.21: ANOVA results for Pyrite data from the lower Bakken shale. 
ANOVA - Pyrite - Lower Bakken Shale 







Square F P-value 
Rows 52.81566 17 3.106804 7.593409 7.75E-09 
Columns 1.265617 3 0.421872 1.031107 0.386687 
Error 20.86638 51 0.409145 
  Total 74.94766 71       
 
Table C.22: ANOVA results for Pyrite data from the middle Bakken unit B. 
ANOVA - Pyrite -Middle Bakken Unit B 







Square F P-value 
Rows 21.404 52 0.411615 2.46302 3.57E-06 
Columns 0.20766 4 0.051915 0.310649 0.870663 
Error 34.76058 208 0.167118 
  Total 56.37224 264       
 
Table C.23: ANOVA results for Pyrite data from the middle Bakken unit C. 
ANOVA - Pyrite -Middle Bakken Unit C 







Square F P-value 
Rows 40.71482 12 3.392902 4.84764 3.7E-05 
Columns 1.193978 4 0.298495 0.426477 0.788762 
Error 33.59558 48 0.699908 








Table C.24: ANOVA results for Pyrite data from the middle Bakken unit D. 
ANOVA - Pyrite -Middle Bakken Unit D 







Square F P-value 
Rows 56.61985 9 6.291094 12.60484 9.65E-09 
Columns 0.890468 4 0.222617 0.446036 0.774519 
Error 17.96765 36 0.499101 
  Total 75.47797 49       
 
Table C.25: ANOVA results for Pyrite data from the middle Bakken unit E1. 
ANOVA - Pyrite -Middle Bakken Unit E1 







Square F P-value 
Rows 113.031 7 16.14728 14.51465 8.13E-08 
Columns 6.979075 4 1.744769 1.568357 0.21017 
Error 31.14949 28 1.112482 
  Total 151.1596 39       
 
